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Dynamic Mechanical Properties of Rubberlike 
Materials* 


A. \V. NOLLE.f Acoustics Laboratory, Massachusetts Institute of Tech¬ 
nology, Cambridge, Massachusetts 

I. INTRODUCTION 

The purpose of this paper is to present data concerning 
the dynamic mechanical behavior of rubberlike materials and to interpret 
tliese data insofar as possible. The data were obtained by five experi¬ 
mental melJiods whi(*h have been described in another paper.^ For con¬ 
venience of discussion the experimental techniques will be referred to by 
the short titles which are listed below, together with the frequency ranges 
of the experimental methods: 

The rockiiig-beaiti oscillator (O.l to 25 cps.) 

The vibrating reed (10 to 500 <;pH.) 

I^mgitudinal-wave resonance (below 300 cps.) 

Longitudinal-wave transmission (1 to 40 kc.) (strip transmission) 

The magnetostriction method (12 to 120 kc.) 

In addition certain data are obtained at a frequency of 15 megacycles by 
measuring the velocity and attenuation of bulk waves in rubber. The 
various experiments are conducted at temperatures in tlu^ range from —60® 
to 100°C. Each experimental method is useful throughout some tempera¬ 
ture iiiterval within this range. The exact limits of thesis intervals are de¬ 
pendent upon the nature of the particular rubber under study. 

The quantities which arc found from the experimental methods are the 
real and imaginary parts Ei and E 2 of the (complex dynamic Young’s modu¬ 
lus E*, where 


E* == E, - iE2 (1) 

The quantity Ei is the ordinary Young's modulus, in the case of a material 
which has no viscous losses, and is therefore a measure of the magnitude of 
the elastic force, which is in phase with displacement. The quantity E 2 is 

* Submitted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy at the Massachusetts Institute of Technology. This work was supported in 
part under Contract NObs-25391, Task No. 1, with the Bureau of Ships. 

t Now at the Department of Physics, University of Texas, Austin, Texas. 

^ A. W. Nolle, J. Applied Phys. 19, 753-774 (1948). This paper contains references 
to previous work, most of which has dealt with dynamic rubberlike elasticity at frequen¬ 
cies not exceeding several hundred cycles per second and is thereff)re not directly con¬ 
nected with the results given in the present paper. 
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a measure of the magnitude of the viscous force which is out of phase witli 
the displacement by ^/2 radians. It is easily shown that: 

Hj2 ~ ( 2 ) 

where y is the extensional viscosity coefficient and w is frequency in radians 
per second. Both Ei and E 2 will always be given the dimensions of dynes 
per square centimeter. It will usually be most convenient to give experi¬ 
mental results in terms of the real part of the modulus, Eu and the dimen¬ 
sionless loss factor, E 2 IE 1 , The loss factor E 2 /E 1 is equal to the cotangent of 
the mec’banical impedance phase angle for a rigidly supported rubber sample 
which is small compared to an acoustic wave length, and is therefore a con¬ 
venient measure of the “lossiness” of the sample. 

Bec^ause the complex dynamic; modulus of rubberlike materials varices 
with frequen<;y, significant values for the real and imaginary parts of the 
modulus can be given only by experiments in which sinusoidal displace¬ 
ments are employed. All the experimenlal methods considered here are 
sinusoidal. Moreewer, the strain amplitudes imposed on the rubber sam¬ 
ples are always sufficiently small that nonlinear efl‘ec;ts are avoided. In 
all experiments, except the vibrating reed, a static; strain muc;h larger than 
the dynamic strain is imposed on the sample. The dynamic modulus 
measured under this exmdition may be lermed the differential dynamic 
modulus. 

A more detailed discussion of tlie experimental cpiantiticis, together with 
mathematical relations by which (he experimental (piantiti(‘s may be calc;u- 
lated from the results of each experiment, is coiitaincMl in t lu^ previous paper 
in which the experimental methods are trealed.^ 

11. DESCRIPTIVE DISCUSSION OF DYNAMIC MECHANICAL 
PROPERTIES OF RUBBERS 

Summary of Results 

Before a detailed discussion of the behavior of the cromplex dynamic 
modulus as a function of temperature and fre(|uency is presented, it is ap¬ 
propriate to describe in more compact form the general nature of the dis¬ 
persion effec;ts as indicated by the experimental data. For this purpose, 
sketches of surfaces representative of the frequency-temperature behavior 
of the real modulus Ei and of the loss factor E 2 /E 1 are shown in Figure 1. 
These sketches are a semiquantitative representation of the experimentally 
observed behavior of the buna-N compound B-5, but the results have been 
extrapolated out of the observed range of frequency and temperature in 
some directions, in a(;cordari(;e with the best conclusions that can be reached 
from the experimental data. (Actual experimental results have been ob¬ 
tained throughout most of the frequency range shown below 10® cps. The 
complex bulk-wave modulus has been measured at 15 megacycles, and from 
this it has been possible to find upper limits to the values of the real and 
imaginary parts of the complex Young’s modulus at 15 me.) 
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The real part of the modulus, Ei, always increases with increasing fre¬ 
quency. In the room-temperature range a significant variation of this 



Fi^. 1. Sketches showing approxi¬ 
mate behavior of real part of dynamic 
Young’s modulus (above) and of loss 
factor E 2 lE\ (below) over a wide range 
of frequency and temperature. The 
sketches are based on experimental 
data for buna-N (impound B-5 (carbon 
filled), but are extrapolated according 
to the general conclusions reached in 
Part II of this paper. 


quantity with frequency is shown experimentally to occur over at least six 
decades of frequency. The quantity Ei also increases with decreasing tem¬ 
perature, except that in the region of the higher temperatures and \ery low 
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frequencies Ei is proportional to the absolute temperature. At low fre¬ 
quencies there exists a temperature range in which the increase of the real 
modulus with decreasing temperature is so rapid as to resemble a freezing 
phenomenon, but the manifestation of this “freezing” effect is dependent 
upon the rate of force application; thus at the higher temperatures the 
“freezing” occurs mu(;h less abmptly with decreasing temperature. The 
real modulus Ei appears to approach limiting values at low temperatures or 
at high frequemnes. At sufficiently low temperature t he modulus is large 
for all observable frequencies and the dispersion is small. 

At a given frequency tlie loss factor E 2 /E 1 lias a maximum with respe(;t 
to temperature, which lies approximately in the temperature range where 
El is iiKjreasing most rapidly with decreasing temperature. At the higJi(*j* 
fre(]uencies the maximum tK*,curs at higher temperatures. For sulTuaently 
low temperature or for sufficiently high frequency the loss factor becomes 
small. 


Comparison with Dispersion in Polar Dielectrics 

The experimental results reveal a high degree of similarity between the 
visc^oelastic, behavior of rubber and the dielectric* bcdiaxior of polar irm- 
terials. This similarity is best displayed when the rubber data are pre¬ 
sented in terms of compliance (Ihe rcjciproc^al of modulus), but inasmnc'h as 
the concept of modulus is generally more familiar and mor(‘ useful in work 
with rubbers, the dynamic modulus results will be disc usse^l as suc^li in the 
following paragraphs. The tabulation on p. 5 c^oinpares tlie results for 
the dynamic modulus of rubber whic^Ji are eitlic'r c*xperimcMit ally cx)nfirmc^d 
or strongly suggested by tlie data with those which have l)e(‘n found b> 
other investigators for polar dic»lcHtrics. 

For a more nearly complete discossion cjf simple polar dielectrics one may 
consult the work of Dc'bye,^ while for a discussion of the more complicat ed 
dielectrics one may consult the work of Kauzrnann.® 

For all rubbers investigated the range of dispersion is very broad in terms 
of frequencry; significant variation of t he modulus is oft cm observed over at 
least six decadc^s of frequenc^y. The dielectric* analogue is therefore not the 
simple Debye polar licpiid or gas, in which dispersion oc*,curs over one decs 
ade of frequency, but the more complicated dielecixics such as liigh poly¬ 
mers and in particular the rubbers themselves. (It does not follow that 
the reciprcKjal dynamic modulus and the dynamic dielec^tric constant for a 
given sample .show identical freciuency dependence, however.) TJie wide 
dispersion range may be described by the statement that the material has 
a wide distribution of relaxation times, in contrast to the Debye material, 
which has one relaxation time. The relaxation spectrum of rubber will be 
discussed in Part III of this paper. The significance of a wide relaxation 
spectrum from the dielectric point of view is illust rated in Figures 2 and 3. 

* P. Debye, PoUir Molecules. Chemical Catalog Co., Inc., New York, 1929. 

• W. Kauzmann, Rev. Modern Phys., 14, 12 (1942). 
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Rubber 

(1) Real part of the modulus always in¬ 
creases or remains constant with in¬ 
creasing frequency. 

(2) Imaginary part of the rncidulus has a 
inaxirnutn with respect to tempera¬ 
ture at corivstant frequency, and vice 
versa. 

(3) I/,)ss factor AVA'i lias a maximum 
with respect to temperature at con¬ 
stant frecpiency, and vic(‘ versa. 

(4) Imaginary part of the modulus ap¬ 
proaches z(To at zero frequenc.y and 
firobahly approaches progressively 
smaller values at high freciuencies 
past the peak. 

(r>) Imaginary part of the modulus is 
large where the real part changes 
rapidly with logarithm of frequency 
or with temperature. 

(6) Real part of the dynamic' modulus 
approaches limiting high value at 
low tempe^ratures. 

(7) Real part cjf the modulus has limiting 
values at high and low frecpicmcies. 

(8) An increase* of frecjuency is quali¬ 
tatively equivalent to a decrease of 
temfierature in elTec't upon the dy¬ 
namic' modulus. 

(y) Real fiart of the* tiiodulus decrc^ases 
with intjreasing temperature in re¬ 
gions of apprc*ciable dispersion, but 
incTC'ases with incTc^asing temtiera- 
ture at low frequeiu'-ies. 


Dielectric 

Real part of the dielectric constant always 
decreases or remains constant with in¬ 
creasing frequency. 

Imaginary part of the dielectric constant 
has a maximum with respccH to tempera¬ 
ture at constant frccpjency, and vice 
versa. 

Loss factor has a maximum with respect 
to temperature at constant freciuency, 
and vice versa. 

Imaginary part of the dielectric constant 
apfiroachcs zero at zero frequency and at 
vc^ry high frcjquencic^s. 


Imaginary part of the dielectric constant 
is largest where the real part changes most 
rapidly wdth logarithm of frequency or 
with tem|)erature. 

Real part of the dynamic dielec^tric con¬ 
stant approaches limiting low value at 
low teinperalure. 

Real part of the dielectric constant has 
limiting values at high and low frequencies. 

An increase f)f frequenc^y is qualitatively 
equivalent to a decreases of temperature in 
effect upon the dynamic dielectric! con- 
.stant. 

Real part of the dielectric constant in¬ 
creases with increasing temperature in 
regions of at)preciable dispersion, but de- 
(!reases with inc.reasing temperature at low 
frequen(!ies. 


Figure 2 illustrates the theoretical behavior of a Debye diele^ctric as plotted 
by Cole and Cole.^ This behavior, corresponding to one relaxation time, is 
approached by various practical liquid and gaseous dielectrics. Figurt* 3 
shows dielectric data for natural rubber as plotted by Kauzmann® from 
the work of Sc;ott, McPherson, and Curtis.^ Because of tin* wide relaxa¬ 
tion spcM trum of natural rubber, the dielectric dispersion cur\e for this ma- 
lerial extends over nearly three decades of frecpieiK'y as (compared to one 
decade for the Debye material. 

Actual experimental data from the present series of measurements will 
be cited in the following paragraphs to substantiate the aspects of rubber- 
like elaslienty which are im^luded in the foregoing tabulation. It will be 
found that tJu' temperature effects mentioned above are more completely 
described by tlie experimental data than are the frequency effeds, because 
at the higher temperatures there exist important relaxation effects at, fre¬ 
quencies above the present upper frequency limit of alnmt 10® cps. for 
direct Young’s modulus measurements. 

♦ K. S. Coh* Hiid R. fl. Cole, Chern. Phys., 9, 341 (1941). 

® A. H. Scott, A. T. lVl<!Pher.son, and H. L. Curtis, Rur. Standards J. Research, 11, 173 
(1933). 
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1. Increase of Real Modulus With Increasing Frequency, Figure 4 pre¬ 
sents experimental dynamic modulus data for compound B-5, a carbon- 
filled buna-N cement, from 10 cps. to 18 kc. The data below 1000 cps. 
were obtained as shear modulus by G. W. McClure of the M. I. T. Acoustics 
Laboratory, who measured the low-frequency mechani(^al impedance of 
the material with an electromechanical vibrator in which the material was 
deformed in shear between a moving plate and a fixed plate. These data 
have been multiplied by 3 to give Young’s modulus. The data above 1000 
cps. were obtained by the longitudinal-wave transmission method, in whicli 
the quantities measured directly are the wave length and the attenuation 



Log OJTq 

Fig. 2. Real part (ci) and imaginary part 
(cs) of dielectric csonstant plotted against a 
generalized frequency parameter, for a 
simple Debye dielectric (after Cole and 

Cole*). 



Fig. 3. Dielectric behavior a I 
O^C. of natural rubber vulcan¬ 
ized with 8% sulfur; dotted 
curves are closest approxima¬ 
tion by Debye relations (taken 
from Kauzmann*; original data 
due to Scott, McPherson, and 
Curtis*). 


for longitudinal waves in a thin strip. The continuous upward t rend of the 
real part of the modulus over these several decades of frequency is evi¬ 
dent. Qualitatively similar data have been obtained for butyl, GR-S, 
neoprene, and natural rubbers. Usually the low-frequency modulus has 
been measured by the vibrating-reed method rather than by the shear vi¬ 
brator method mentioned above; in such a case fewer different low fre¬ 
quencies are represented, but similar results are obtained. 

Figure 5 shows the dynamic modulus of a natural rubber gum vulcani- 
uate, compound N-1, for frequencies from 1 cps. to 6 kc. (The 1 cps. 
modulus is indistinguishable from the value® of the static modulus for this 

• E. Guth, H. M. James, and H. Mark, in Advances in Colloid Science^ Volume II, 
Bobber, pp. 253-298. Inierscience, New York, 1946. 
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compound.) These data are obtained by the rocking-beain oscillator for 
frequencies up to 25 cps, by longitudinal-wave resonance in a thin strip for 
frequencies to 300 cps., and by the longitudinal-wave transmission method 
for the higher frequencies. Within these frequency limits only a gradual 
increase of the real modulus with increasing frequency is present, reflecting 



Fig. 4. Above, real part of dynamic Yoiing^s moduluH as a 
function of frequency. Below, loss factor E-z/Ei as a func¬ 
tion of frequency. Buna-N compound B-5 (carbon-filled 
vulcanizate). 10% static elongation for data above 1 kc. 
(longitudinal-wave transmission experiment). I^wer fre¬ 
quency data obtained by shear deformation with negligible 
static strain. 


the faster relaxation spectrum of natural rubber as compared to the buna-N 
synthetics. No valid instance of a decrease of the real part of the modulus 
with increasing frequency has been found in any of the experimental data. 

The validity of Assertion i may be established by a simple argument 
based on the definition of the real part of the modulus. The real part of 
the modulus, Ei, is easily shown to be equal to /?e(—twZm), where Zm is 
the mechanical impedance of a unit cube of the sample, other than the iin- 
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pedance which is due to the motion of the mass of the sample. Such an 
impedance will never include reactance having the sign associated with 
masslike impedance. Consequently the impedance can be represented by 
combinations of mechanit^al resistances and springs, or from the electric^al 
point of view by combinations of resistances and capacit ances (at least at 
frequencies where the ordinary laws of mc(;hani(!S hold). For no siicb com¬ 
bination can He( — io)Zm) decrease with increasing frequency. 

2. Maximum of Imaginary Part of Modulus. The maximum of the 
imaginary part of the modulus, ft, with resped to temperature is illus¬ 
trated in Figure 6, which is a plot of dynamic modulus data for the buna-N 



Fig. 5. Above, real part of dynamic Young’s modiiltis as a function 
of frequency. Below, loss factor F 2 /E 1 as a function of fr€M|iienc>. 
Natural rubber gum vulcanizate N-1. 10% static elongation. 


vulcaiiizate B-IOO. The modulus quantities are plolted as a function of 
temperature, for frequencies of 12 and 70 kc. The data are obtained from 
the magnetostri(;tiori rod apparatus. The actual value of the maximum of 
ft is larger at the higher frequency in this partuular range. Figure 7 
shows data obtained at low frequencies for the compound B-5, which is also 
a buna-N vulcanizate but which contains carbon. These data are obtained 
by the vibrating-reed method. In this method, which depends upon find¬ 
ing tlie frequency and the band width for the forced-vibrat ion resonance 
of a rubber reed, the frequency is proportional to the scfuare root of the 
modulus. Therefore the result is not a true constant frequency curve. 
While ft and ft/ft are plotted here instead of ft, one may see by inspec¬ 
tion that a maximum of ft exists within the temperature range of the plot. 










Fig. 7. Real pari of dynamic Young's modiihi.s and loss factor E^/Ex as 
functions of U'lnperalure. Biina-N carbon-fdled viilcanizate B-5. No 
static deformation. Data from vibrating-reed experiment; fr€H|iiency 
varies with modulus. 
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The other methods of measurement are not capable of giving results through 
the region of lower temperatures in which the imaginary part of the modu¬ 
lus for a given material has its maximum. 

The maximum of the imaginary part of the modulus with respect to fre¬ 
quency is difficult to observe in the ordinary range of temperature in which 
true rubberlike elasticity is observed. This maximum is not observed with 
the method of longitudinal-wave transmission in thin strips, because exces¬ 
sive attenuation always prevent s extending the frequency of measurement 
up to the value where the maximum might occur. The maximum certainly 
occurs at some frequency higher than 10 or 20 kc. at room temperature for 
all the rubbers which have been studied. The magnetostriction method 
provides information at higher frequencies, but since this method covers 
only one decade of frequency it cannot provide a reliable indication of a 
broad maximum. Insofar as the present measurements are concerned the 
existence of a maximum of the imaginary part of the modulus with respect 
to frequency rests upon the observed principle that an increase of frequency 
is qualitatively equivalent to a decrease in temperature. Hence it appears 
justifiable to assert that the maximum oc'curs with respect to frequency as 
well as with respect to temperature. This assertion is in agreement with 
the relaxation spectnim interpretation of the result s, which will be discussed 
in a later section. 

A maximum of E 2 with respect to frequency has been observed experi¬ 
mentally by Sack, Laub, and Work^, who found a maximum of this quan¬ 
tity at about 2500 cps. for temperatures of — 20®C. and lower, in the case 
of a butadiene-styrene copolymer. 

3. Maximum of the Loss Factor E 2 IE 1 . The maximum of which 

is equal to the cotangent of the mechanicjal impedance phase angle of the 
viscoelastic system, can be found as a function of temperature by any of 
the methods which indicate the maximum of E 2 alone as a function of tem¬ 
perature. This is illustrated in Figures 6 and 7, to which reference was 
made in the preceding paragraphs. All the (‘xperimentul evidence shows 
that E 2 /E 1 continues to decrease progressively as the temperature is lowered 
by any amount below that corresponding to the maximum. 

Some scanty experimental data have been obtained with regard to the 
maximum of E 2 /E 1 as a function of frequency. In Figure 6 it appears that 
for the higher temperatures E 2 /E 1 increases from 12 to 70 kc., while for the 
lower temperatures the quantity decreases with increasing frequency over 
this range. Thus E 2 /E 1 may increase or decrease with frequency accord¬ 
ing tu the part of the frequency-temperature range investigated, from 
which the existence of a maximum with respect to frequency may be postu¬ 
lated. The postulate is strengthened by the observation that an increase 
of frequency is qualitatively equivalent to a decrease in temperature. 

Figure 8 shows dynamic modulus data as a funcjtion of frequency at sev¬ 
eral different temperatures for the buna-N vulcanizate B-1. The curve 

’ H. S. Sack, H. L. Laub, and R. N. Work, J. Applied Phys., 18,450 (1947). 
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for E^/Ei at 20 ®C. shows a peak within the observable frequency range, 
while the slopes of the other E 2 /E 1 curves indicate that the peak must exist 
at higher or lower frequencies for higher or lower temperatures, respectively. 
These data were obtained by the longitudinal-wave transmission method. 

In principle one can observe a low-frequency peak by means of the vibrat- 
ing-reed resonance method, but the observation would necessitate the use 
of many reeds of different lengths and the examination of resonances in the 
difficult temperature range in which the relative band width of the sample 
is very large. 

Further evidence for the existence of a frequency maximum of the loss 
factor, in the case of the particular compound B-5, has been deduced from 
the results of 15 me. bulk-wave transmission measurements (see Appendix 
I). It appears that the loss factor at room temperature for this compound 
is less than unity at 15 me., w^hereas longitudinal-wave transmission meas¬ 
urements at 20 k(\ give a value of about 2 . 

U, Vanishing of E 2 al Extreme Frequencies, That E 2 must approach 
zero at zero frequency is readily seen from the definition of the quantity, 
E 2 = 70 ). E 2 must approach zero as o) approaches zero unless the viscosity 
7 b(i(*omes infinite under this condition. One may readily ascertain that 
the viscosity does not become large without limit at low fretjuency by ob¬ 
serving that a sample of vulcanized material will reach an equilibrium 
elongation after a suitable time interval when a vM'ight is attached to the 
sample. For all of the materials studied E 2 does indeed bec'ome progres¬ 
sively smaller with decreasing frequency. However, K 2 never becomes so 
small as to be undetectable at an> frecfueiu^ w ithin the range of pracli('able 
laboratory procedure, becaust* the viscosity 7 is measurably large at all 
frequencies. 

Experimental measurements at high frequencies have not been suffi¬ 
ciently numerous to demonstrate that E 2 can be made smaller than any 
preassigned value by increase of frequency. That Ez does decrease with 
sulficiently high frequtmey is suggested by the same evidence whi(*h sug¬ 
gests that E 2 has a maximum value with respect to freiiueru y. The ex¬ 
perimental observation that E 2 becomes progressively smaller with con¬ 
siderable temperature reduction, together with the principle of e(iuivalencc 
between decrease of temperature and increase of frequency, is thus the 
main experimental basis for suggesting that the high-frequency trend of E 2 
is toward progressively smaller values rather than toward some finite limit¬ 
ing value smaller than the maximum. 

5. Imaginary Part of Modulus Is Large Where Heal Part Changes Rapidly 
With Logarithm of Frequency or With Temperature, The vibrating-reed 
data of Figure 7 illustrate clearly how E 2 /E\ and E 2 become large at tem¬ 
peratures where E\ is highly temperature-sensitive; the maximum value 
of E 2 /E 1 as a function of temperature in fact coiiK’idcs closely with the 
region of maximum slope for Ei, Similar behavior is observed for all the 
rubbers which are represented in this investigation. 

The data of Figures 4 and 5 show that the imaginary part of the modulus 
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becomes large relative to the real part—that is, E^IE\ becomes large, for 
those combinations of temperature-frequency in which the real part of the 
modulus is changing rapidly with the logarithm of frequency. By an ex¬ 
tension of the Debye relaxation theory one would expect in addition that the 
maximum of Ez with respect to frequency coincides closely with the maxi¬ 
mum derivative of Ei with respec^t to the logarithm of frequency. It is not- 
possible to cite experimental measurements which confirm this expectation. 



Fig. 8. Above, real part of dynamic Young’s modulus as 
a function of frequency. Below, loss factor E 2 /E 1 as a func¬ 
tion of frequency. Buna-N gum vulcanizate B-1. Higher 
frequency data from longitudinal-wave transmission ex¬ 
periment (10% static elongation); low-frequency data from 
vibrating-reed experiment (no static deformation). 


because as explained under section 2 above, the maximum of Ez at ordi¬ 
nary temperatures lies in a frequency range in which measurements by the 
present techniques are difficult. 

6. Real Part of Modulus Approaches Limiting High Value at Low Tem¬ 
perature, This conclusion is strongly suggested by the results of variable- 
temperature experiments with the vibrating-reed tec^hnique. Data corn- 
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parable to those of Figure 7 are found for each rubberlike material. Tlie 
sample stiffens rapidly with decreasing temperature through a certain tem¬ 
perature range. For lower temperatures little additional stiffening occurs 
with further redu(;tioii of temperature. The low4emperaiure dynamic mod¬ 
ulus which thus appears to approach a limiling valuCy is about 2 X 10^^ 
dynes/cm} for all the gum rubbers investigated. These include buna-N, 
butyl, GR-S, neoprene, and natural rubber. Carbon loading increases the 
figure somewhat. It must be understood that the above discussion of the 
low-temperature dynamic behavior of rubber is based on experimental re¬ 
sults obtained at temperatures above 200® Kelvin. It appears probable 
that tlie important changes in the dynamic behavior in the temperature 
range between 200° and 300° K. are due to the effects of temperature upon 
the relaxation mechanisms. Thus it is possible that in the limit of zero 
temperature the complete suppression of thermal agitation might lead to 
another result. 

7. Real Part of Modulus Has Limiting Values at Low and High Fre¬ 
quencies, The real part of the modulus obviously has a limiting low- 
frequency value only for vulcanized materials in which continuous plastic 
flow cannot occur under reasonable static forces. For these materials one 
can easily demonstrat e t he exist ence of a limiting low-frequeiu’y modulus, or 
static modulus, by attaching a weight to a sample and observing that the 
systt^rn eventually reaches an equilibrium (configuration which does not 
vary significantly for days. 

Ilie supposition that tlnne is a limiting high-fre(|uency modulus is not 
din'ctly verified by experimental data because of tin' difK(*ulty of making 
iiK'asurerneiits at sufficiently high frequencies. It appears that Young’s 
modulus measurennents for frec^uencies up to several inegacyides would be 
ne(C('ssary in (jrdicr to examine the question for rubbers at room tempera¬ 
ture. The notion that the real modulus approaches a limiting large value 
with increasing lVe(]uency is sugg(‘sted by the observation tliat at no fre- 
(jueney up to 120 kc. does tlie real modulus ex(*e('d several times 10^*^ 
dynes/cm.2 with cooling to —20°C., even though the modulus at several 
hundred cyclccs n^aclu's about this magnitude with (*ooiing to a temperature 
of — 1()°C". or lower. (This observation was made on the buna-iN com¬ 
pounds B-99 and B-IOO.) Thus the large limiting value of the modulus at 
low temperaturt' seems also to represent a large limiting \alue with respc^ct 
to fre(]uency for these low temperatures. From tlie general ecpiivalence 
Ixctween de(‘reasing temperature and increasing fre({uency which is found 
at observable temperatures and frecjueiu’ies, one may suppe^se that at higher 
licmperatures the modulus also approaches a large' limiting value with in- 
( leasing frequency, but that- the leveling of the (curve occurs at frequencies 
well above the 120 kc. limit of the experimental measurements. 

S, Equivalence of Frequency Increase With Temperature Decrease. The 
(jualitative equivalence between an increase of frc(piency and a decrease in 
temperature may be seen in any of t he plots of (Experimental data in whicli 
botli fre(fuency and temperature mccur as parameters. For example, in 
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Figure 4 it is evident that a given increase of real modulus over that found 
at a particular frequency-temperature combination may be obtained either 
by going to a lower temperature or by going to a higher frequency. In 
Figure 6 it appears that an increase of frequency shifts the points on the 
modulus temperature curves in the same sense as a decrease of tempera¬ 
ture. In particular one may notice that the temperature maximum of 
E^lEx is shifted to a higher temperature by an increase of frequency. 

It should not be inferred that such details of the modulus curves as the 
slope with respect to frequency or temperature are transferred through an 
increase of frequency which is followed by such an increase of temperature 
as maintains the modulus itself constant. This quantitative transfer of 
the curves is not found over any wide range of temperature or frequency. 
For example, it may be seen in Figure 6 (compound B-lOO) that the modu¬ 
lus increases much less rapidly with decreasing temperature at 12 kc. and 
70 kc. than is the case in Figure 7 (compound B-5) for low frequencies. 
(The compounds to which the data of these two figures apply are suffi¬ 
ciently similar to make this particular comparison valid; consequently a 
separate figure for low-frequency data pertaining to compound B-lOO is not 
included.) On a theoretical basis one would riot in general expect the loga¬ 
rithmic frequency derivative of the real modulus to be tlie same on every 
point of an equal-modulus contour in the temperature-frequency plane, 
except in the case of a substance having a single relaxation time. 

9. Real Modulus Increases With Decreasing Temperature in Dispersion 
Regions and Increases With Increasing Temperature at Low Frequencies, It 
has been found experimentally that the real dynamic modulus of natural 
rubber when measured at low frequencies increases with increasing tem¬ 
perature in essentially the manner predicted by the kinetic theory of rubber- 
like elasticity. As the frequency of measurement is increased the tempera¬ 
ture effect gradually reverses, until above 100 cps. the real modulus de¬ 
creases with increasing temperature. A similar phenomenon is observed 
for butyl rubber, but the change occurs at about one eye le per second for 
this rubber. It appears that equivalent results probably hold for all the 
synthetic rubbers, but that the change of temperature dependence for some 
of these rubbers o(x;urs at a small fraction of one cycle per second. This 
topic is considered in detail in Part III. 

Representation of Dynamic Modulus Data in the Complex Plane 

Cole and Cole^ have shown that the dielecitric data for a large number of 
polar materials fall on circular arcs in the complex plane. The nature of 
the plot is shown in Figure 9. The horizontal and vertical scales repre¬ 
sent, respectively, the real and imaginary parts ci and C 2 of the complex di¬ 
electric constant, c*. Each point along the arc corresponds to a different 
frequency. A different arc is found for each temperature. The left and 
right ends of the arc represent, respectively, the limiting values of the di¬ 
electric constant at infinite frequency and at zero frequency, €» and co. 
The arc is determined by these two values and by the parameter a, whose 
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geometric significance in terms of the arc is indicated in the figure. Values 
of a range from 0 to 1. The condition a = 0 corresponds to a semi¬ 
circular arc, which is found for a simple Debye dielectric with a single re¬ 
laxation time. As shown by Cole and Cole, the Debye expression for the 
dielectric constant of a simple polar substance may be written: 

u + r = ^ — 600 (3) 

where u = 6* — €«, and where in this particular case v = iWo(€* — €«). 
Thus the vectors u and i\ illustrated in Figure 9, are perpendicular and have 
a constant resultant; the locus of their intersection is a circle. The relaxa¬ 
tion time To is equal to a constant factor times the relaxation time used by 
Debye. 



Fig. 9. Sketch of arc in complex plane as usedby 
(^ole and Uole* for represtmiafion of dielectric data. 

Horizontal axis, real part of dielectric constant. 

Vertical axis, imaginary part of dielectric constant. 

\Nliih' the cin ular arc plot llms has tlieorelk al justifi(*ation for a Debye 
dielectric, the applic ation of the same type of plot to more complit^ated di- 
eledric data is justified only because the circular arc plot is found experi¬ 
mentally to be a satisfactory representation of tlie data. The more conr- 
pli(*ated materials, which do not have a single relaxation time, give rise to 
data which can be fitted on an arc which is less than a semicirc le, that is, an 
arc for which u > 0. Although no theory has been built from fundamental 
postulates to explain the behavior of such data, Cole and Cole give a con¬ 
sistency test which may be applied to the arc data. The general equation 
for the arc may be written: 

**-«» = («,- *«)/! 1 + (•”-“'/(«) 1 (4) 

Cole and Cole argue that for a sinusoidal signal e”' the quantity m be- 
haves as a single entity in all linear circuit transformations. Consequently 
/(oj) must depend on w as Then (4) be(‘omes; 

In \v/u I = In 1(60 - €*)/(€* - €a,)| = constant + (1 — a) In a? ('S'i 
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Thus (1 — a) is the slope of the plot of In | v/u\ against In w. The value of a 
obtained from a plot of this nature should agree with the value obtained 
from the circular arc. 

In order to investigate the suitability of the Cole arc as a representation 
of dynamic modulus data, it is desirable that the complex modulus data 
be transformed into complex compliance. The complex compliance S* is 
defined as: 


s* ^ Si + iS2 - 1/e* 

51 = Ei/(E! + El) (6) 

5 2 = E2/{E\ + El) 



Fig. 10. Rubber compliance data plotted in the complex plane. 
Buna-N carbon-filled vulcanizatc B-5. Above, 20°C. Below, 30°C. 
The same arc is used for both plots, but is chosen to fit the 20°C. data. 


This transformation is desirable because compliaiKje, which is the ratio 
of mechanical displacement to mechanical force, is analogous to the dielec¬ 
tric constant, whicli is the ratio of electric displacement to elecitromotive 
force. 

The first illustration of the plotting of complex compliance is given in Fig¬ 
ure 10; 20°C. and 30°C. data are shown for the carbon-loaded buna-N 
vulcanizate B-5. To facilitate comparison of the data for the two tempera¬ 
tures the same arc is drawn for each set of data, although the arc is chosen 
for an optimum fit to the 20® data and some readjustment would be re¬ 
quired to sec'ure the best fit at 30®. Wliile the arc is a satisfactory repre- 
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sentalion of the data over the frequency range which is covered iiere, the 
data do not pass the consistency test of equation (5). The value of a from 
the 20® arc is 0.35, while the value obtained by plotting In v/u against In 
w is 0.43 (this plot is not shown). Thus the progress of the compliance 
vector along the arc with frequency is that which would be associated 
with a larger value of a (that is, with a flatter arc or a wider relaxation spec¬ 
trum) than that which is obtained by making the actual circular arc plot. 

A second example is shown in Figure 11, whu;h is a plot of complex com¬ 
pliance data for the buna-N gum vulcanizate B-l. The circular arc aflbrds 
an approximate but by no means exact representation of these data. 

Thus it appears that t he Cole arc (^an serve as a useful means for compact 
prtisentation of comi)lex compliance data for rubberlike materials. How¬ 
ever, since the an^ representation for present data does not pass the con¬ 
sistency test of e^juation (5), the Cole plot will not be taken as the basis for 
analysis of the experimental results, and the interpretation of the arc in 
terms of a relaxation spectrum will be omitted. The results of this inter¬ 
pretation, which leads to a relaxation spedrum Jiaving symmetry on a 
logarithmic scale, may be found in the paper by Cole and Cole.^ 



Fig. 11. Rubber compliance data plotted in the complex plane. 
Buna-N gum vulcanizate B-l, 20°C. Based on modulus data taken 
from Figure 8. 


Complex modulus data, as well as complex compliance data, should fall 
on an an* which intersects tlie real axis at tw^o points. Unfortunat(4y the 
experinuaital measurements do not extend to fretjuem'ies higli enougli to 
(‘iicompass the maximum of E^, For this reason the available modulus 
data, wJien plotted in the complex plane, simulate a curve segment whicli is 
only slightly bent and the result is not instructive. 

Effect of Additional Parameters on Dynamic Modulus 

To ascertain the importance of some of the variables of c-ornposition and 
of static deformation as possible sources of variation in the dynamic' modu¬ 
lus some short investigations of their effects w ere undertaken. The results 
are described in the following paragraphs. A complete examination of any 
one of these topics would require an extended rescan'h program. 
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Static Deformation 

In general, the static deformation of a sample influences both tlie magni¬ 
tude and the phase angle of the dynamic modulus. The evidence on this 
point is summarized in the following two statements: (a) Static elongation 
up to 50% produces less than a two-to-one change in Ei and in E^/Ei for 
both natural and synthetic rubbers, while for some compounds the effect 
is much smaller than this limit. (6) The effect cannot generally be de¬ 
scribed in terms of any simple systematic shift of the modulus-frecpiency 
curves or of the modulus-temperature curves. 




Fig. 12. Above, real part of dynamic Young’t* 
niodulu8 as a function of frequencjy. Below, loss 
factor E 2 IE 1 as a function of frequency. Neo¬ 
prene vulcanizate CG-1. 10% static elongation. 


If the real part of the differential dynamic modulus were equal to the 
slope of the static stress-strain curve, the real modulus would decrease 
systematically with increasing elongation, in the case of gum vulcanizates, 
up to the value of strain at which the well-known upward inflection of the 
stress-strain curve occurs. There is no reason to doubt that this effect is 
observable at very low frequencies. But this simple relation has not been 
observed at frequencies greater than one kilocycle, except that this behavior 
is approximated by natural rubber (latex film) at temperatures above 40 ^^C., 
even for frequencies as large as 5 kc. In general, the real dynamic modulus 
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may either increase or decrease with increasing static elongation. Elonga¬ 
tion greater than 50% has not been studied with the present techniques 
because the samples are not strongly enough held in the apparatus to sup¬ 
port the stress corresponding to greater extensions. 

An anomalous behavior with respect to static elongation is displayed 
by the neoprene compound CG-1. This compound shows a decrease in 
the real part of the modulus, and in addition a striking increase of 10 to 20 
times in the loss factor EijEi when the static elongation is increased from 
10 to 40%. lilxperimental data on this point, obtained with the longi¬ 
tudinal-wave transmission technique, are shown in Figures 12 and 13. 



I 5 10 50 100 


I/, kc 

Fig. 13. Above, real part of dynamic Young’s 
nioriulus as a function of frequency. Below, 
loss factor E 2 IE 1 as a function of frequency. 

Neoprene vulcanizate CG-1. 3.5-40% static 

elongation. 

The high sensitivity of this compound to static elongation is associated with 
a sudden yielding which is observed when a sample is strained to slightly 
more than 5% elongation in a static testing machine. The sample pro¬ 
ceeds from just over 5% to nearly 100% elongation with negligible increase 
in stress. The effect is irreversible. 

The central purpose of the investigation reported in this paper is to ex¬ 
amine the dynamic modulus as a function of temperature and frequency. 
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The importance of the subsidiary investigation of the eflect of static elonga¬ 
tion is to indicate that static strain can be a significant parameter in dy¬ 
namic modulus measurements, though in general of lesser importance than 
temperature and frequency. Consequently the static deformation should 
be reported for each measurement of dynamic modulus. The dynamic data 
given in this paper, except those of Figure 13, correspond to static elonga¬ 
tion or compression not exceeding 10%. 

Vulcanization 

It is evident that a nonzero dynamic modulus at vanishingly low fre¬ 
quency can only be found in a vulcanized rubber, because in the absence of 
vulcanization rubber flows without a sharp limit under a static force. Tims 
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valcanization must have a first-order efl'ecjl on the dynamic modulus at 
frequencies of a fraction of a cycle per second. On the other hand, the 
experimental data concerning the dynamic modulus suggest that the in¬ 
crease of the modulus above the static value, as frequency is increased or 
temperature is reduced, is due to a set of relaxation meclianisms (probably 
liindered intermolecular motion) which have little relation to the static 
elastic network. Hence at sufficiently high frecjuency the degree of vul¬ 
canization should not have a first-order effect on the dynamic modulus. 
In the (^ase of buna-iN rubber the relaxation effects are evident at relatively 
low frequencies; thus the modulus even at 20 or 30 cps. should not be 
highly dependent upon vulcanization. 

This hypothesis has been investigated by comparing the dynamic modu¬ 
lus of a completely unvulcanized, unfilled buna-N gum sample (Hycar 
()R-15) with that of a gum vulcanizate of the same material. The unvul- 
canize^d and vulcanized materials are designated, respectively, B-0 and B-1. 
The two samples are milled and cast from solvent in the same way, except 
lhat curing agents are added to the sample B-l. Dynamic modulus data 
as a function of lemperature for these two samples, as determined by the 
vibrating-reed experiment, appear in Figure 14. Tlie frequencies used in 
the mcasurernenls lie in the range 25 to 600 cps. The real modulus for B-l 
exceeds that for B-0 by a little more tlian 50% at room temperature, and by 
a little more than 10% at temperatures well below the stiffening range. 
Tlie stiffening temperature for the unvulcanized material is about 5®C. 
low(M* than that for the vulcanizate. The curves for E 2 'li\ are separated in 
the same sense as the stiffening temperatures. Additional points are in¬ 
cluded for tlie case in which the unvuhanized material contains a large 
amount of solvent. The presence of the soh eiit reduces the real part of the 
modulus by almost 20%; at 20°, but has much less effect at low^ tempera¬ 
tures. The ability of the unvulcanized material to flow without limit under 
steady stress was verified experimentally. 

While* the unvulcanized vsample is difficult to manipulate in the longi- 
tudirial-wave transmission apparatus, some limited data were secured from 
this experinienl as shown in Figure J 5. Comparable data for the vulcanized 
sample B-l appear in Figure 8. It may be seen that, in the higher fre¬ 
quency regions, wh<*re greater dispersion is found, the real modulus for 
B-l is as much as three times larger than that for B-0 (for example, at 10 
kc., 20°C.). The ratio is everywhere at least 1.5. The greater disparity 
bc'twecm tlie two compounds in regions of large dispersion is evidently a 
conseciuence of a partial difference between the relaxation spectra. An¬ 
other aspect of this effect appears in Figure 14, in which a large disparity in 
the real modulus is seen between the two materials at temperatures in the 
immediate neighborhood of 0°C., where the most rapid stiffening with de¬ 
creasing temperature occurs. 

These results on the influence of vulcanization upon dynamic modulus 
afford excellent support for the supposition t hat t he relaxation effects found 
in the frequency range of the present study are related to hindered inter- 
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molecular motion. Apparently there exist hindrances to intermolecular 
motion such that, when a force is applied for an interval of time which is 
short compared to the relaxation times of any of the hindrances, the mole- 
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Fig. 15. Above, real part of dynamic Young’s modulus as a function 
of frequency. Below, loss factor E%IE\ as a function of frequency. 
Buna-N unvulcanized gum B-0. Data from reed experiment and 
longitudinal-wave transmission experiment. Static deformation 
cannot be specififMl because the material flows under toad. 


cules behave as though bound into a coherent elastic network by actual 
primary chemical bonds through the process of vulcanizatioii. There is no 
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reason to expect perfect correspondence of dynamic modulus between a 
vulcanized material and an unvulcanized material, because the vulcaniza¬ 
tion pro(‘es8 inevitably forms linkages in and between a large number of 
molecules which do not actually become bound into the static elastic net¬ 
work. This effect would be expected to alter considerably the relaxation 
spectrum of the interrnolecular hindrances which have been suggested 
above, even though the frac^tion of the molecules which is bound into the 
static elastic network is small for light vuk^anization sikJi as was con¬ 
sidered here (1.5% sulfur). 


Loading 

Wliile the present study is primarily restricted to the examination of 
nibberlike materials in the simple stales, usually as gum vulcanizates, a 
large series of dynamic measurements has been (tarried out for one <‘om- 
pouTid with carbon loading. This is the buna-N vulcanizate B-5, which con¬ 
tains 50 parts by weight of 1^33 black to 100 parts of Hycar OR-15. 

Dynamic modulus data for the carbon-filled compound B-5 appear in 
Figures 4 and 7, wliile data for the ( orresponding unloaded compound B-1 
appear in Figures 8 and 14. In the neighborhood of room temperature the 
loaded material has a modulus whose real part is from 50 to 100% larger 
than that for the gum mat erial. Less temperature reduction is required to 
produce rapid stiffening in the case of the carbon-filled sample than in the 
cas(‘ of the gum, with the result that the disparity in modulus becomes 
larger as the temperature is lowered into the neighborhood of 0°C. The 
loss factor E 2 /E 1 is of the same order of magnitude for both compounds. 
Both of these eflects of carbon loading—the increase of modulus and the in¬ 
crease of the stiffening temperature—are well known in rubber technology 
from experience with slower rat es of deformation.*’^ 

Classification of Results by Compounds 

Cjoridemed Comparison of Compounds 

Unfortunately there is no means for compact but clear graphic compari¬ 
son of the over-all behavior of the complex modulus in the temperature- 
frequency plane for several different compounds. How ever. Table 1 affords 
a compact presentation of representative data for the various compounds 
whose dynamic' modulus has been studied in tJiis program. Both the real 
part of Young’s modulus Ei and the loss factor E 2 /E 1 are given for tem¬ 
peratures of 10° and 30°(^.. at 5 kc. The derivative d In i?i/d In u, where v 
denotes frequenc\ in cycles per second, is given at eacdi of these tem¬ 
peratures in order to indicate the relative amount of dispersion at 5 kc. 
All of the modulus data for materials under static elongation were ob¬ 
tained by the teclmicjue of longitudinal-wave transmission. The data for 
compound B-lOO, under 2% c'ompression, were obtained by the magneto 

** M (luth, J. Applied Phys., 16, 20 (lOt.'S). 

• II. E. (ireene and D L. LaighlMmMigh. ihid„ 16, 3 
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striciioii teclinique. The “low-frequency stiffening temperature” is the 
temperature at whicli the most rapid change in the real part of the modu¬ 
lus with respect to temperature is found witli the vibrating-reed technique. 
“Heat” or “solvent” indicates tlie method of preparation of the sample 
(see Appendix III for the detailed composition of the samples). 

The various rubbers fall into the listing, in the order of increasing values 
of the 5 kc. real modulus* 

J. N-1 (natural riiljher) 5. 35'40% elongation (CG neoprene) 

2. (iN-5() (Bl\ nenpreiie) 6. CG-1, 10% elongation (CG neoprene) 

3. vS-50 (GR-S) 7. B samples (llycar OR-15, biina-N rubber) 

1. 11-50 (GR-I) 

Tliis listing in the order of increasing is probably the best single 

means for classifying rubbers according to their potentialities as practical 
absorbers of mechanical energy. Literally, the ratio E 2 /Ei h the measure 
of the damping of an osc^illating system ( oniposed of a rigidly terminated 
rubber sample and a mass. The damping of such a system may be ex¬ 
pressed by: 

In (.vo/.vi) = E2/E1 ( 7 ) 

w here yi vo is the ratio of amplitude reduction in one cycle of free v ibration. 
Bui while the quantity E 2 /E 1 is perhaps the best single index of mechani¬ 
cal energy absorption (capability, this quantity is not the only index of such 
(capability and in s(jmc applications is not the most desirable one. For 
(cxanipl(\ if one wislu^s to provide the greatest absorption of mechanical 
energy in a piece of damping material of a giv en size, in a system which has 
a coristani velocity of vibration, it is necessary to searcJi for tlie material 
whi(‘h offers the largest value of effective resistance y = /i' 2 On the 
other hand, the largest energy absorption for constaul force applied to a 
sample of tin* damping material of given size is obtained for the material 
which has tiie larg(\st value of the quantity (/i 2 c *>)' {Ei + At), that is, the 
material which has a large loss factor but a small absolute value of the 
(‘omplex modulus. A number (vf similar special cases exist. 

i\'at oral Rubber 

The most significant data for natural rubber gum vulcanizates have been 
obtained at relatively low frequem'ies. Satisfactory measurements have 
not been achieved for frequencies greater than 6 kc. The difficulty in 
securing measurements at higher frequem'ies is largely attributable to the 
low sound velocity in natural rubber, whi(Ji requires that unreasonably thin 
samples be prepared in ord(^r to maintain a sample thickness small compared 
to a w ave length at the higher frequeiK'ies. Additional difficulties in the 
longitudinal-wave transmission experiment in particular are: the copious 
transmission of flexural waves as well as longitudinal waves in strips of 
(convenient (0.1 cm.) thickness; the large attenuation per centimeter of 
longitudinal waves at the higher frequencies. (The attenuation per wave 
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leiigtii is small because the loss factor E^/Ei is relatively small for natural 
rubber, but the spatial attenuation is large in consequence of the low wave 
velocity.) 

The real modulus of natural rubber increases with increasing temperature 
for frequencies as high as 100 cps. (this result is discussed in Part III). Other 
rubbers (for example, buna-N and butyl rubber) fail to display this “kinetic 
theory” temperature dependeiu'e at frequeiK^ies above one cycle per second. 
Thus the existence of kinetic temperature behavior at low audiofrequencies 
for the case of natural rubber seems to indicate that the relaxation spectrum 
for natural rubber is characteristically faster than that for the synthetic 
rubbers. In agreement with this supposition, the experimental data show 
that natural rubber is characterized in the audiofrequency range by a 
smaller loss factor and a smaller real modulus than those syntlietic rubbers 
which are considered in this paper. 

Buna-‘N Rubber. Ilycar OR-ib 

Hycar ()R-15 is the rubber which has received most attention in this 
series of investigations. All of the experimental methods listed at the begin¬ 
ning of this paper, except the longitudinal-wave resormiK'e method, are 
highly satisfactory for dynamic measurements of this rubber. Hycar Oll- 
15 has been studied in the form of unvulcanizod gum, v ulcanized gum cast 
in solvent, vulcanized gum heat-cured under pressure, and vulcanized 
compound witli light carbon loading. Data for this rubber w ill b(‘ used for 
the calculation of an approximate relaxation spectrum and for most of tlie 
calculations of activation energies in Part III. 

The Ilycar 011-15 compounds have a larger real d>namlc modulus in the 
audiofrequency range than the other rubbers consider(»d here, and a higher 
audiofrequency loss factor E^/Ei than the otlier rubbers except butyl 
(excluding the anomalous high loss displaytd by (XJ neoprene after irre¬ 
versible deformation). The large real modulus in the audiofrequency range 
appears to be the result of a weighting of the relaxation spectrum toward 
long relaxation times (that is, of dispersion effects which set in an unusually 
low frequencies), because the static modulus of lightly vulcanized Ilycar 
OR-15 is several times 10^ of the same order of magnitude as the static' 
modulus for comparable preparations of the other rubbers. Moreover, thc^ 
real part of the audiofrequency modulus is relatively large for an unviilcan- 
ized sample of Hycar OR-15, for which the static modulus is essentially 
zero. The preponderance of very large activation energies must be greater 
for Hycar OR-15 than for other rubbers, because the low -frequcmcjy stiffen¬ 
ing temperature as determined by the vibrating-reed technique is near 
0®C. for the Hycar OR-15 compounds. This is appreciably higher than 
the stiffening temperature of the other rubbers. 

Butyl Rubber (GR-l) 

Butyl rubber is especially well suited to the experimental techniques used 
in this program, but, since butyl samples became available only in the later 
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stages of the program, less experimental work has been devoted to this 
rubber than to Hycar ()R-15. Dynamic modulus data for the butyl com¬ 
pound U-50, obtained by the longitudinal-wave transmission technique 
between I and 20 kc., appear in Figure 16. The loss factor E^/E\ is some¬ 
what greater than that for Hyc^ar OK-15 (buna-N) preparations in the 



Fig. 16. Above, real pari of dynamic Young’s 
rtiodiiliis as a function of frequency. Below, loss 
factor K’ljEx as a fiinclion of frequency. Butyl 
gum viilcanizate U-.50. 5% static elongation. 


same frequency and temperature range. Butyl rubber appears to be a 
moie satisfac'tory practical energy absorber in the audiofrequency range 
than Hycar OR-15, because, in addition to having the larger loss factor of 
the two rubbers in this range, butyl rubber is somewhat less sensitive to 
temperature changes in the temperature region above 0®C. The low-fre¬ 
quency dynamic stiffening temperature for 11-50 is approximately — 18®C. 
The low-frequehcy dynamics stiffening temperature for U-50 is approxi¬ 
mately — 18® as contrasted with 1® for a comparable Hycar OR-15 com¬ 
pound, B-1. Both figures refer to data obtained with the vibrating-reed 
technique; the data of this type for U-50 are not shown graphically. 
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Neoprene 

The neoprenes, togetlier witli GR-S, form a class of relatively Iow-Icjss 
synthetic rubbers among tlie four syntJietics whicli are considered here. 
Umited studies have been made of the two commercial varieties of neo¬ 
prene, CCr neoprene, and GN neoprene. BotJi of these rubbers were studied 
in the form of gum vulcanizates with a relatively large content of metallic 
oxides. The inclusion of these oxides in neoprene vulcanizates is standard 
practice in rubber tcclinoIo^?y. 



I 5 10 

kc 



I 5 10 
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Mg. 17. Left, real part of dynamic Yoiitig^H moduliiH an a function of fre¬ 
quency. Right, los8 factor E 2 /E 1 as a fiinclion of frequency. INcoprene vul- 
oanizatc GN-50. 5% static elongatiem. 


Data for the GN neoprene compound GN-5() appear in Figures 17 and 18. 
Figure 17 contains the data obtained between 1 and 8 kc. by the longitudi¬ 
nal-wave transmission method. Figure 18 is a plot of /i'l and E 2 /E 1 as func ¬ 
tions of temperature; the data w ere obtained b> the vibrating-reed tec'h* 
nique. The low-frequency stiffening temperature as indicated by this 
figure is about — 18®C. In the audiofrequency range, the real modulus of 
GN-50 is smaller than that for all the other rubbers except natural rubber, 
while the loss factor is greater than that for GR-S but less tlian that for 
buna-N (Hycar ()R-15) rubber. As a result of the low'^ velo(;ity of longi¬ 
tudinal waves in GN-50, difficulties of mu(Ji the same nature as those for 
natural rubber are encountered in performing longitudinal-wave transmis¬ 
sion measurements for GN-50. 

CG neoprene, as represented by the compound CG-1, has an audio¬ 
frequency loss factor smaller than that for natural rubber. The tremendous 
increase in the loss factor which occurs when this rubber is stretched in 
excess of 10% has been illustrated in Figures 12 and 13. The stressed and 
unstressed forms of the compound have also been studied by the vibrating- 
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reed technique. The results (not shown) indicate that the difTerence at 
low frequency between the two forms disappears when the temperature is 
lowered to — 5°C. Thus it appears that the irreversible deformation effect 
is not directly connected with those mechanisms which contribute to the 
increase of the modulus at low temperatures. 



Fifs. 18. Heal part of cl>iianiio Young'n nioclialus and Iohk factor 
Ei/Ei as functions of tcmp€*rature. Neoprene vulcanizate GN-50. 

No static deformation. Data from vibrating-reed experiment; fre¬ 
quency varies with modulus. 

GH-S Rubber 

Little attention has been given to GH-S rubber in the present investiga¬ 
tion. Longitudinal-wave transmission measurements for GH-S are more 
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difficult than for buna-N and butyl rubbers. The difficulties attending 
longitudinal-wave transmission measurements in GR-S at frequencies above 
about 5 kc. are much the same as those found with natural rubber. 

Some longitudinal-wave transmission data for the GR-S compound S-50 
are plotted in Figure 19. Ei and E^/Ei are shown as functions of frequency 
from 1 to 6 kc. The audiofrequency real dynamic modulus is greater than 
that for GN neoprene and less than that for butyl rubber, while tlie loss 




Fig. 19. Left, real part of dynamic Young’s modulus as a fiinction of fre¬ 
quency. Right, loss factor Ei/Ex as a function of frequency. fiR-S carbon- 
filled vulcanizate S-50. 5% static elongation. 


factor is greater than that for natural rubber but less tlian iJial for GN neo¬ 
prene. GR-S may reasonably be classed witli the neoprenes as a low-loss 
synthetic rubber insofar as the audiofrequency results are concerned. 

III. THEORETICAL DISCUSSION OF THE RESULTS. 

Temperature Dependence of Dynamic Modulus 
in Relation to Predictions of Kinetic Theory 

The kinetic theory of rubberlike elasticity, as exemplified by the work of 
James, Guth, and Mark,®»^®*“ leads to the following stress-strain relation 
. for rubber: 


( 8 ) 

In tliis equation Z is tlie stress in dynes applied to a sample which is a unit 
cube at the temperature To (Kelvin) in the absence of stress, is a constant 


H. M. James and E. Guth, J. Chem, Phys,^ 11, 455 (194.S). 

” H. M. James and E. Guth, J. Applied Phys,^ 1.5, 294 (1941). 
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best evaluated experimentally, T is Kelvin temperature, a is the volume 
coeffi(nent of thermal expansion, and Lz is the relative length of the sample 
along the stress axis z. (In the absence of stress, at temperature To, Lz is 
unity.) By differentiating (8) oiu‘ obtains the following expression for the 
differential modulus dZfi>Lz: 

dZ/dU = A'r 1^1 + 2 ^ ~ - (9) 

This result indicates that the differt‘ntial modulus at any particular static 
elongation shouljd be very closely proportional to the absolute temperature. 
The thermoclastic inversion effects associated with the total stress-strain 
function (one of these effects is a reversal of the stress-temperature coef¬ 
ficient as a function of elongation) do not enter into the behavior of the dif¬ 
ferential modulus. 

In contrast to these predictions of the kinetic; theory of rubberlike elastic¬ 
ity, it is found experimentally for both natural and syntlietic rubbers tliat 
the real part of the dynamic modulus as given by audiofrequency measure¬ 
ments decreases with increasing temperature. Yet one may demonstrate 
with ordinary “static” testers that the slope of the quasistatic stress-strain 
(iiirve, for natural rubber at least, is proportional to the absolute tempera¬ 
ture as required by the theory. 

Two possible explanations for this apparent contradiction suggest them¬ 
selves. One of tli(‘se is that the temperature behavior of tlu* modulus is a 
func;tion of the strain amplitude. Static; tc'sting niacJiines gc^nerally impose 
large strains on the sample, wliercias the strains involved in measurc^ments at 
frequencies of several kilocyc*les are nc'cessarily small. Tiie othc^r possible 
(‘xplanation is tliat tJie temperature dependence of the modulus is a func ¬ 
tion of frequency. This latter possible explanation is the more promising 
cjf the two, because the so-c;alled kinetic; theory of rubberlike elasticity is in 
reality a theory of equilibrium strains, and does not take into account any 
dynamic hindrances which may give rise to relaxation effects and thereby 
make the modulus dependent upon frequency. The relaxation rates of 
molecular hindrances are known to be sensitive to temperature.® A varia¬ 
tion of strain amplitude, on the other hand, would be expected primarily to 
produc;e a variation in nonlinearity. 

Thus it appears that a logical experimental approach to the question of 
dynamic elastic temperature dependence is to make a series of measure¬ 
ments of the dynamic modulus of natural rubber as a function of tempera¬ 
ture at various constant frequencies ranging from a fraction of a cycle per 
second to frequencies well in the audio range. Experimental data of this 
kind are shown in Figure 20. The compound is N-1, a 5% sulfur, acceler¬ 
ated natural rubber gum compound. Otlier investigators^^ have shown tliat 
the results of stress-strain curves for this compound, taken at rates up to 
100% elongation per second, are in agreement with kinetic theory. In 

S. L. Dart, R. L. Anthony, and P. E. Wack, Rev, Sei. Instrwnenis, 17, 106 (19i6). 



32 


A. W. NOLLE 


Figure 20, modulus-temperature curves (solid) are shown for frequencies 
from 0.22 to 280 cps. The data at 24.5 cps. and at the lower frequencies 
were obtained by the rocking-beam oscillator technique. The data at the 
higher frequencies were obtained by tlie longitudinal-wave resonance tech¬ 
nique. The static elongation is 10%, while the dynamic strain amplitude 
does not exceed 1 to 2%. No evidence of nonlinearity was observable in 
the experiments. These results should be comparable to the predictions 
of the kinetic theory concerning the differential modulus. 

The uncertainty of the data for a particular frequency is I to 2%. The 
uncertainty between data for different frequencies is somewhat greater, 
because it was necessary to place a fresh sample in the apparatus for each 
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Fig. 20. Real part of dynamic Young’s mcnluliis (solid lines) 
and imaginary part of dynamic Young’s modulus (broken lines) 
as functions of temperature at various frequencies. Natural 
rubber gum vulcanizate N-1. The data for the four lowest 
frequencies are from the rocking-beam oscillator experiment; 
data for the higher frequencies are from the longitudinal-wave 
resonance experiment. Absolute values have been multiplied 
by factors ranging from 0.83 to 1.25 to permit clear presentation 
on an expanded scale. Straight lines show temperature de¬ 
pendence rec|uired by kinetic theory. 


new frequency. Tlie “(constant frequency” nature of the curves is approxi¬ 
mate, since tlie experirne^ntal methods depend upon small changes in the 
frequency of resonance of the apparatus to indicate changes in modulus. 
These frequency changes, amounting to a few per cent at most, are unim¬ 
portant because the modulus is not highly sensitive to frequency in the low 
frequency range. In Figure 20 the data for each frequency have been 
multiplied by a suitable factor ranging from 0.83 to 1.25 to permit conven¬ 
ient presentation upon an expanded scale. In reality the curves seem to 
approach a common value at the high temperatures, and the actual modu- 
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lus values for the two lowest frequencies are almost indistinguisJiable* 
Some of the same data are shown on a frequency scale in Figure 5. Meas¬ 
urements were not attempted at temperatures above 80® C.; even at 70® 
the sample begins to take on a semipermanent set and ceases to be compa¬ 
rable to the original material. 

At the very low frequencies the modulus increases substantially in pro¬ 
portion to the absolute temperature, in agreement with the kinetic theory, 
ex(;ept that for sufli(‘iently low temperatures the kinetic temperature de¬ 
pendence is not found for any of the frequencies which are considered. For 
successively higher frecjuencics tlie modulus increases less rapidly with in¬ 
creasing temperature. Between 88 and 120 cps. the proportional tempera¬ 
ture effect disappears altogether; for the higher three frequencies the modu¬ 
lus decreases with increasing temperature over the entire temperature range 
of the study, and the magnitude of the temperature effect becomes pro¬ 
gressively larger than that predicted by kinetic theory. * 

Tlie experiments are free from crystallization effects. A well-vulcanized 
(jompound such as IM-l does not ( rystallize except at very large extensions. 
Tlius the stiffening of the sample at lower temperatures in violation of the 
kinetic tlieory, which is observed at each frequency, appears to be another 
instaiu’e of the* manner in whi(^h a decrease of temperature (^an change tlie 
r(*lation between the relaxation times of the material and the period of th(* 
applied fon*e in tlie same sense as would an increase of frequency. An alter¬ 
nate description of the results in Figure 20 is the statement that with in¬ 
creasing frecpiency the low-temperature region, in which nonkinetic tem- 
p(‘raturc dependence is found, gradually extends to higher temperatures 
until above 100 cps. this region covers the entire range of observed tempera¬ 
tures. Greene and Loughborough® have obtained results resembling tliose 
of Figure 20 but for finite deformations by applying force suddenly to a rub¬ 
ber sample and measuring the strain after a specified time interval. Varia¬ 
tion of the time interval corresponds to variation of frequency in the present 
experiment. 

The nonkinetic temperature effect appears in regions of appreciable dis¬ 
persion. Til is finding is in keeping with the supposition that the dynamic 
behavior of the material is governed by a temperature-sensitive set of 
relaxation mechanisms. While Figure 20 is not intended to give a quantita¬ 
tive picture of frequency dependence, it is clear that the rate of increase of 
the modulus with the logarithm of the frequency becomes large in the low - 
temperature regions, and in the higher frequency regions, where the non- 
kinctic temperature effect is found. The behavior of the imaginary part 
of the modulus is also significant, bex'-ause when dispersion occurs through 
the operation of a set of relaxation mechanisms there is an appreciable resis¬ 
tive loss factor associated with the regions of dispersion. The existence of 
this effect in the* present data may be seen from the two dashed curves of 
Figure 20 which show Ez, the imaginary part of Young’s modulus, as a 

L. A. Wood, in Advames in Colloid Science, Volume II, Rubber, p. .'>7. Interscience. 
New York, 1946. 
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function of temperature at 1.25 cps. and at 88 cps. becomes large where 
the nonkinetic temperature effect occurs—at low temperatures and at the 
higher frequencies. 

Similar experimental results have been found for butyl rubber. Figure 
21 shows rocking-beam oscillator data giving the real part of the dynamic 
modulus as a function of temperature, at three different frequencies, for the 



T,*c 

Fig. 21. Relative values of real part of dynamic Young’s modulus, 
as a function of temperature, at three different frequencies. Butyl 
gum vulcanixate 11*50. Rocking-beam oscillator experiment; 10% 
^ Static elongation. Reversal of temperature coefficient of the modulvis 
occurs at about 5 cps. 


butyl compound U-50. At 0.15 cps. the modulus increases with increasing 
temperature in the range above 10 °C. At 5.2 cps. the modulus is substan¬ 
tially independent of temperature in the range. At 11 cps. the modulus 
decreases steadily with increasing temperature. 

It has already been pointed out tliat buna-N rubber (as represented by 
flycar OR-15) shows important relaxation effects at lower frequencies than 
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the other rubbers considered here. It is therefore not surprising that at the 
lowest conveniently observable frequencies the dynamic modulus of this 
rubber fails to show kinetic temperature dependence. For example, Figure 
22 shows ro(jking-beam oscillator data for the real modulus of the Hycar 
()H-l5 compound B-lOO at 0.16 cps.; the modulus decreases steadily with 
increasing temperature. It is doubtful whether a different result would be 
obtained from a stress-strain tester at ordinary rates of deformation. In 
order to ascertain whether the beliavior of Hycar OR-15 follows the kinetic 
theory even under truly static conditions, another test has been devised. 
From equation (8) one may show that according to kinetic theory the ther- 



Fig. 22. Real part of dynamic Young's 
modulus as a function of temperature. Buna- 
N gum \ tilcanizate B-100. Rocking-beatn os¬ 
cillator data. 10% static elongation; 0.16 cps. 


mal expansion coefficient of a rubber sample along tlie stress axis is, for 
constant stress: 

(l/L,)(dL^/dr)z = [1 + a{2T ~ To) - L\y\L\ + 2a{T - To) + 2]? (10) 

According to this equation the stress-axis thermal expansion coefficient 
should change from positive sign to negative sign with increasing elongation 
and when T = To should pass through zero at approximately: 

Ar = 1 -f- aT/3 (11) 

The thermal expansion coefficietjt of a strip of the Hycar OR-15 compound 
B-100 was measured under various static loads witli the result shown in 
Figure 23. A reversal of the coefficient, as required by kinetic theory, 
occurs at about 7% elongation. The existence in the static behavior of 
B-100 of this element of agreement with kinetic theory makes it reasonable 




36 


A. W. NOLLE 


to suppose that the dynamic behavior must in the limit of very low fre¬ 
quency approach that of the kinetic theory, even though the agreement is 
not found at readily observable frequencies. 



Fig. 23. Thermal expaiiHioii eoefTieient along stress axis as a function of 
static strain. Buna-N gum vulcanixate B-lOO, Tliermc»elastic inversion occurs 
as required by kinetic theory. 


The experimental results cited abov(‘ (constitute a strong (cjise for tlu^ 
point of view that the kineticc tln^ory represents tJnc lin)iting differential 
dynamic behavior of an> rubberlike material at very low frec^uency, and 
that the departures from kinetic theory observed at higher fre(pien(*i(‘s 
can be explained on the basis of freqm^ncy effects alone. 

‘•‘Second-Order Transition” and the Dynamic Modulus 

Figure 7 shows a r(*lativel> sudchui increas(c of the lo\\-frequency real 
dynamic modulus for a buna-N compound as the temperature is lowered 
through the range just bidow 0®C. The other synthetic rubbers show cor¬ 
responding behavior, though the critical tempi^rature range is lower for the 
other synthetics. Figure 24 shows low-frequency data for the 2% sulfur, 
natural rubber compound N-2. Tlie modulus of this natural rubber (com¬ 
pound also increases rapidly when the temperature is lowered through a 
certain region, but the effect for natural ruber is found at about —50°C. 

This effect is one manifestation of what has often been regarded as a 
second-order transition. Boyer and Spencer’ ^ in their review paper mention 
the following several properties of a rubber or high polymer whi(ch exhibit 
sudden changes at the temperature of this “transition”: 

1. The volunie-teniperatare curve 5. Elastic modulus 

2. Hoat capacity 6. Refractive index 

3. Compressibility 7. Dielectric properties 

4. Thermal conductivity 

R. F. Boyer and R. S. Spencer, in Advances in Colloid Science, Volume II, Rubber, 
pp. 1-55. Interscience, New York, 1946. 
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The “transition” temperature is generally somewhat lower than the 
“brittle point” temperature of a given compound, which is sometimes 
defined as the temperature below which a sample will break as a result of a 
sudden sharp bend. 

The results of the present experiments indicate that the term “second- 
order transition” must be applied with caution in the case of the dynamic 



Hg. 2i. RfrtI part of dynamic Young’s niodulus as a function of 
temperature for clown and up temperature cycles. Natural rubber 
gum viilcaniy.atc? N-2. No static deformation. Data from vibrating- 
recd experiment: frecjuency varies witb modulus. 


modulus of rubbers. A second-order transition should represent a thermo¬ 
dynamic singularity—for instance, the disappearance of some form of order¬ 
ing as the temperature increases above a critical value. A transition in this 
sense does not appear to describe tlie increase with decreasing temperature 
of the dynamic modulus as measured at the higher frequencies. For ex¬ 
ample, according to Figure 6 the real dynamic modulus of an unloaded 
buna-N cement, measured at 12 kc. or at 70 kc., increases gradually with 
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decreasing temperature in the range between 0® and 40®C. The steepest 
part of the modulus-temperature curve is shifted to higher temperature as 
the frequency is increased. This result contrasts sliarply with the low- 
frequency data of Figure 14, according to which the same compound dis¬ 
plays an abrupt increase in its real dynamic modulus, m(»asured between 
25 and 600 cps., as the temperature is reduced through a narrow range about 
0®C. 

Apparently the increase in the real modulus with decreasing temperature, 
observed at high frequencies, is simply a special aspc^ct of the relaxation 
beliavior of the rubber. Reduction of temperature alters the characteristic 
relaxation times until, when these begin to be longer than the period of force 
alternation, the amount of strain which occurs in response to unit force is 
reduced and the value of the dynamic modulus increases. Since increasing 
the characteristic relaxation times has the same qualitative effect as in¬ 
creasing the frequency—namely, to make the relaxation times long com¬ 
pared to the period of force application- it follows that an increase of fre¬ 
quency should affect the dynamk; modulus in qualitalively the same manner 
as a decrease of temperature, in agreement with the results shown in Fig¬ 
ure 1. 

On the other hand, at low frequencies the real part of the d>namic 
modulus increases very rapidly with d(^creasing temperature* in a narrow 
temperature range, as shown in Figure 1 i, while the position of the stiffen¬ 
ing range on the temperature scale becomes less sensitive to frequency, 
measured in logarithmic units, as shown in Figure 1. These observations 
suggest that reduction of temperature, aside from increasing tlie (Jiarac- 
teristic mechanical relaxation times, introduces an additional stilfening 
phenomenon akin to freezing. The temperature at whi(4i this “freezing” 
effect occnirs is nearly independent of frequency; thus the? “freezing” effe(;t, 
whether or not it actually constitutes a second-order transition, is not a 
simple continuation of the relaxation stiffening found at higher frequ(*ncies. 
When dynamic modulus measurements are performed at high frequ(*ncies, 
the relaxation stiffening occurs at higher temperatures than the freezing 
phenomenon and the latter is masked; when similar measurements are 
performed at very low^ frequencies, the freezing effect sets in at a tempera¬ 
ture higher than that at which the relaxation stiffening would be expected, 
and the relatively sharp freezing phenomenon is observed. 

In the literature there are other instances of phenomena resembling sec¬ 
ond-order transitions which, as in the case of the high-frequency mechani¬ 
cal behavior of rubbers, are actually relaxation rate effects. Boyer and 
Spencer*^ mention a number of investigations in which the observed “transi¬ 
tion” temperature has been found to depend upon the rate of heating or 
cooling. This is undoubtedly a relaxation rate effect, which in a particular 
instance may or may not accompany the occurrence of a true second-order 
transition. The effective “static” relaxation time for rubber becomes 
extremely long at low temperatures. The attainment of equilibrium condi¬ 
tions within the material requires periods which may amount to many hours 
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at sufficiently low temperature, and a variety of differing experimental re¬ 
sults may be observed by making measurements before equilibrium is 
established. In the present dynamic modulus experiments a small increase 
of the real modulus and a very large decrease in the loss factor can be ob¬ 
served over a period of at least half an hour after the sample is brought to a 
temperature somewhat below the “transition.” Spencer and Boyer^® in 
1946 published an investigation of the volume-temperature curve of poly¬ 
styrene which shows that the discontinuity observed at ordinary rates of 
heating and cooling is completely absent if the experimental measurements 
are made after the attainment of equilibrium. They conclude that tlie 
“second-order transition” is in this ease a relaxation rate effect. FrenkeP® 
reaches a similar eoiK^lusion for amorphous bodies in general, on the basis of 
the work of Kobeko. Nevertheless tlie present experiments, as discussed 
above, indicate that a simple relaxation rate (*oneept may not be sufficient 
to explain the temperature behavior of the dynamic modulus ()f rubbers 
over the entire frequenc'y range. 

The foregoing discussion is not meant to imply that tlje sudden change in 
the dynamic modulus of rubber in a certain range of temperature is a ficti¬ 
tious effect due to the rate of cooling. The fact tliat relaxation rates de¬ 
crease vastly ill a certain temperature range requires that the dynamic 
modulus increase rapidly in this range, because the dynamic modulus is 
by definition the modulus determined from a sinusoidal deformation with 
a fixed freijuency and has no necessary direct connection with static equilib¬ 
rium. It is the filatic modulus which might be expected to display a vari¬ 
ety of values in the “transition” region according to the rapidity of the 
temperature cJiange. The real part of the dynamics modulus for tempera¬ 
tures below the “transition’' lias been found to vary only slightly between 
the period following rapid (tooling and the period when equilibrium is 
established; for example, while the dynamic modulus of compound N-2 as 
found by the vibral ing-reed technique increases by a factor of 300 betw een 
room temperature and — .55°C., the further increase when the sample re¬ 
mains for half an hour at — 55 ® is only 20%. The quantity how ever, 

de(Teases by a factor of 3 or i during tliis period. 

An additional question of interest is the relation between the brittle 
temperature aiid the dynamic stiffening temperature. The brittle-point 
determination is a specialized test wiiich does not necessarily give the same 
result in terms of temperature as do other methods for examining the 
“transition.” Tlie brittle-point temperature is the temperature at which 
long-range elastiiaty disappears completely so that the material will rupture 
with a relatively small deformation. (In practice, the result depends upon 
the rate of deformation.^’) It is found that the dynamic modulus vs, tem¬ 
perature curves obtained in the present investigation show no special fea¬ 
tures at the brittle temperature. The real dynamic modulus show s a steady 

R. S. Spencer and R. F. Boyer ,Applied Phys., 17, 398 (1946). 

»» J. Frenkel, Kimtic Theory of Liquids, p. 214. Oxford I !niv. Press, I^iid«»n, 1916. 

A. R. Kemp, F. S. Malm, and G. G. Winspear, Ind. Eng. Chern., 35, 188 (1913). 
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increase with decreasing temperature, beginning witl) temperatures above 
the brittle point and continuing through temperatures below the brittle 
point. Koch^** noticed that the “static” modulus is most sensitive to tem¬ 
perature in the range above the brittle point; consequently he introduced 
the concept of a “stiffening temperature,” which is higlier than tlie brittle- 
point temperature. 

Table II illustrates the lack of agreement between the temperature of 
most rapid dynamic modulus stiffening, as found in the present investiga¬ 
tion by the vibrating-reed technique, and brittle-point determinations 
given by other investigators. 


TABLE II 

Comparison of Brittle and Dynamic Stiffening Temperatures 


Material 

Dynamic 
modulus 
stiffening, ®G. 

Source 

Brittle 

point, 

®C. 

Source 

Natural rubber, 2% S 

-4t 

Fig. 21 

-.57* 

19 

Ifycar 011-15 

+ 1 

Fig. 14 (com- 
f)Ound B-1) 

-19 

20 

GN neoprene 

-20 

Fig. 18 

-40 

20 


* I'his figure is for raw smoked sheet. A figure for smoked sheet cured in tlie same 
fashion as N-2, the compound to which Figure 2t applies, was not found in the literature. 


Interpretation of Results in Terms of a Relaxation Spectrum 

The foregoing discuissions of experimental results have made it clear that 
dispersion in the dynamic, modulus of rubberlike materials occurs over a 
frequency range much w ider tJian that which corresponds to a single relaxa¬ 
tion tiine. One possible means for describing this extreme dispersion is to 
reduce the results to a relaxation spectrum, which in the most general cme 
is a population of elementary relaxation titnes. In special cases the distribu¬ 
tion need not be continuous. 

This artifice lias been much used as a means for describing the behavior 
of dispersive dielectrics (see, for example, Kauzmann® or Cole and Cole^) 
and of vis(;o(‘lastic materials (see, for example, Alfrey and Doly^O. Wliether 
or not the representation of dispersion pJienomena in terms of a relaxa¬ 
tion spectrum is particularly advantageous depends upon whether or not 
the distribution of relaxation times can be explained in terms of fundamen¬ 
tal principles from the structure of the material. Such basic theoretical 
Explanations have not as yet been establisfied for the continuous relaxation 
spec^trurn of rubber. Thus a continuous relaxation spectrum is not prefer¬ 
able to other metliods for describing dispersion phenomena in rubber inso¬ 
far as any fundamental significance of the description is concerned. 

For present purposes a relaxation element may be defined as a spring and 

E: A. Koch, Kautschuk, 16, 151 (1940); RM^er Chern. Tech,, 14, 799 (1941). 

G. T. Kohman and R. L. Peek, Ind. Eng. Chem., 20, 81 (1928). 

“ G. E. King, ibid., 35, 949 (1943). 

T. Alfrey and P. Doty, J. Applied Phys., 16, 700 (1945) 
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a dashpot connected together. If the spring and the dashpot are mechani¬ 
cally in series, tlie element is a Maxwell element; if the spring and the dash- 
pot are me(;hanically in parallel, the element is a Voigt element. Any ob¬ 
served dispersion characteristic may be represented by an unlimited paral¬ 
lel set of Maxwell (series) elements or by an unlimited series set of Voigt 
(parallel) demerits. Here a set of Maxwell elements will be used, because 
the additive impedance property of these elements is useful for describing 
modulus. The impedance of the Voight elements would have to be added 
as reciprcH'als to give the reciprocal of modulus. The writer does not mean 
to imply, however, that any greater “fundamental significance” attaches 


Ko 






Fig. 2.5. Above, net of iVlaxwell mechanical elements. Below, 
eqiiivalent set of electrical elements. 


to the Mavwell repr(iS(*ntatioii than to the Voigl representation; the actual 
intermolecular connections may w(*ll represent a (lombination of the two 
types. A set of Maxwell elements and the analogous set of eletirical ele¬ 
ments are shown in Figure 25. One may ascertain by inspection of the 
network that the complex modulus for the set of relaxation (elements follow s 
qualitatively tlie behavior d(‘scribed in Part II with respc'ct to frequency 
and temperature, if the resistance elements have a vivseous temperature 
dependence. 

It may be shown ^ that the complex modulus is related to the viscoelastic 
mecliani(^al impedance of a unit cube sample by: 

E* = -io^Zm (12) 

Since the elementary impedances arc additive in tlie set of elements of 
Figure 25, it is only necessary to find the impedance function for an element 
in order to cxprcjss the complex modulus of the set as a sum. According to 
simple circuit theory the impedance of the jih element is: 
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1 + iVyCO 

Pi - — 

1 + r>2 


( 13 ) 


Thus the contributions to the real and imaginary parts of the modulus from 
thisyth element are: 

E,, = /r,/(l + l/r?a,*) (14a) 

+ ry) (14b) 


The total real and imaginary parts of the modulus, due to the entire set of 
relaxation mechanisms, are: 


(K,i) (15a) 

0 

{E,i) (15b) 

0 

Each of the individual mechanisms displays dispersion ( omparable to 
that of a simple Debye dielectric. A particailar mechanism other than Ao 
contributes nothing to the modulus for zero frequeru^y, and contributes 
Kj to the modulus at infinite frequency. For oj = l/V^ the contribution 
to the modulus is Kj/2; tlierefore this frequency may be regarded as the 
critical frequency for the jth element. The modulus contribution of the 
element changes from 0.018 Ay to 0.91 Ay over the decade of frequency which 
has the critical frequency at its logarithmic center. Thus the important 
dispersion effects occur over about one decade of frequency, and the modu¬ 
lus contribution of the element is only slightly influenc(‘d by frequeru'v 
variations outside of this critical decade. The imaginary part of th<‘ modu¬ 
lus, A 2 y, has the value Ay/2 at the critical frequency of the jth element, 
0 ) == l/ry. The value is reduced to 0.29Ay at either end of the crith^al fre¬ 
quency decade. 

For the case of the dynamic behavior of rubber, dispersion is continu¬ 
ously observable over at least six to eight decades of frequenc^y. A continu¬ 
ous relaxation spectrum is therefore convenient for expressing the dynamic 
behavior of rubber. A continuous spectrum requires that the summations 
of (15b) be replaced by integrals. Thus the real and imaginary parts of 
the modulus are: 



W{r) 

1 + l/(rco)2 
1 + (tw)* 


( 16 a) 

(I6b) 


The function W(t) is defined as the strength of the relaxation spectrum. In 
other words: 


W(r) = K(r)n(r) 


( 17 ) 
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where K{r) is the stiffness associated with those relaxation mechanisms 
having a relaxation time r, and n(r) dr is the number of mechanisms having 
a relaxation times between r and r + dr. 

The process of finding a relaxation spectrum from experimental modulus 
data by means of the integral equations (16a) and (16b) would be very 
(nimbersome. Therefore an approximate method for making this calcula¬ 
tion will be derived. The basic simplification for the approximate method 
is obtained by replacing the function (14a) by a step function. Thus, in¬ 
stead of (14a) the following relations will be used: 

Ei^ = 0 , 0 ) < l/Tj 

Eij = Kj, 0) > I/tj 

With this simplification (16a) is replaced by: 

EiM = dr 


( 18 ) 

(19) 



Fi^?. 26. Approximate behavior of real part of dynamic Young's modulus 
over wide frequency range at 30°C. Buna-N carbon-filled vulcanizate B-5. 
Experimental data for the middle of this frfM{uene> range have been extrapo¬ 
lated to reach static modulus at very low frequence and to reach value indi¬ 
cated by ultrasonic bulk wave veloeit> at 15 me. 

By cornpufing Lhe derivativ^e dEi/do) from (19) one finds that If (1/w) is 
given by the expression: 

W{ I /cjo) = o)'^dEi/ do) (20) 

The relation (20) provides a simple means for calculating the approximate 
strength of the relaxation spectrum under the assumption that the disper¬ 
sion range is quite wide in comparison to one decade of frequeiu y. Roughly 
speaking, the approximation leads to a relaxation spectrum which is about 
one de(*ade greater in extent than the spectrum which would be found from 
the exact equations (16a) and (16b). This discrepancy will not seriously 
i?dluence the appearance of the wide relaxation spectra which may be ex¬ 
pected for rubbias. The approximation which has been used here is similar 
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to that which has been used by Alfrey and Doty^^ in deriving the relaxation 
spectrum from a creep curve. 

A specific calculation of the relaxation spe(*trum for the buna-N com¬ 
pound B-5 will now be considered. The relaxation spectrum will be calcu* 
lated from the data of Figure 26, which is an approximate plot of the real 
part of the dynamic modulus for the compound B-5 at 30®C., between 
and 10® cps. The data for the range 10 cps. to 16 kc. are taken directly 
from Figure 5. The curve is extrapolated to lower frequencies in such fash¬ 
ion as to approach the static modulus in the decade below 1 cps. The curve 
is extended to higher frequencies by joining segments of curves taken at 
lower temperatures. Finally, at 15 me. the curve approaches the value for 
Young’s modulus which is consistent with the 15 me. compressional-wave 



T, sec 


Fig. 27. 4pproximate strength of the reluxatimi speetriim, hiiiia-N 

carhun filled vulcanixate K-.5. C^aleulated from niodulus data of Figure 26. 


measurement described in Appendix 1. The construction of the curve of 
Figure 26 makes use of the principle that an increase in frequency is equiva¬ 
lent to a decrease in temperature. It was shown in Part II that this equiva¬ 
lence does not extend exactly to the slope of the logarithmic modulus curves. 
Thus the portion betw(?en 10® and 10^ cps. of the curve in Figure 26 is only 
a rough approximation which must serve the present purpose in the absence 
of direct Young’s modulus measurements at higher frequencies. 

The relaxation spectrum derived from the curve of Figure 26 by means of 
equation (20) appears in Figure 27. The quantity plotted here is VF(ln t), 
which is the strength of the relaxation spectrum between In r and (In r + 
d In r).. Evidently W{\ii t) = tW{t). The actual form of (20) which was 
used to derive this function is: 


WOn r) = Eid{ln Ei)/d(ln v) 


(r = l/27ri/) 


( 21 ) 
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The great width of the spectrum is not surprising in view of the large dis¬ 
persion range of the dynamic modulus. The peak of the spectrum corre¬ 
sponds to the leveling off of the real modulus versus frequency function at 
high frequencies. In view of the approximate nature of Figure 26, the fre¬ 
quency (or relaxation time) corresponding to this leveling is known only 
by a rough inference. Information is not available from which to determine 
the downward course of the relaxation spectrum on the short-time side of 
the peak. 

Kuhn22 evaluated for natural rubber a function equivalent to W{t) 
by performing mathematical operations on an ad hoc function which repre¬ 
sents the observed relaxation of stress as a function of time. The result is 
that W{t) is proportional to 1/r. But if this result is correct the real part 
of the dynamic modulus at frequency w must be approximately; 

Ei((jo) = constant ^i/Ldr/r. 

Thus the real modulus for any finite frequency is infinite. For this reason 
no (Tedenc‘.e can be placed in Kulin’s result as a w ide-range relaxation spec¬ 
trum, althougli according to Figure 27 Kuhn’s result is qualitatively correct 
in tlie region of the longer relaxation times. 

Interpretation of Results in Terms of Activation Energies 

The diffusion rat(‘ theory of Frenker-^^" and the closel.v related (‘liernical 
rale theory of Eyring reach the common conclusion that the* rate of flow for 
molecular entities, which progress along some (coordinate by over(*oming 
potential eiu^rgy barriers, is proportional to e\p(~“ At w’^here k is 

Boltzmann’s (constant and Al' is tlie height of one of the energy barriers. 
The quantity AU is chIUhI an activation energy. 

According lo tliese theories the rate of a simple clKmiical rea(‘tion should 
be proportional to All kT), or the viscosit> of a simple liquid should 

be proportional to cxp( AlJ^kT). A number of instan(*es liave been reported 
in wliich tin* obstTved temperature dependtence of a clnmiical reaction rate 
or of a viscosity is in agreement with this conclusion. A(cc()rdingly various 
investigators Iiave sought to descTibe other mor(‘ (‘ompIi(*ated flow processes 
in terms of rea(*tion rate or diffusion rate tlieory and to assign activation 
energies for the proi ess(\s. An example (»f one of these attempts, closely 
relat(cd to the present topic of ndaxation phenomena in rubbers, is the corn- 
preliensive examination of dielectric data in t erms of chemical rate processes 
w liic^h has been publislied by Kauzmann.^ The Kauzniann paper represents 
an adaption of the chemical rate theory of Eyring to relaxation problems. 

While Kauzmann computed activation energies from the variation with 
temperature of the frecpiency of maximum dielectric loss, it w ill be neces¬ 
sary to use a differcuit method of (calculation to obtain ac’tivation energies 
from dynamic modulus data thus far obtained. Little dynamic* modulus 
information has been obtaiiu^d at the fre(|U(mcy of maximum loss because 

W. Kuhn, O. Kunzle, and A. Preissmaii, ffelr. Chim. Aria, 30, 307 (1917). 

J. Frenkel, Kinetic Theory of Liquids. Oxford Univ. Press, I^mdon. 1946. 
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of experimental limitations. For the purpose of ciornputing activation 
energies from dynamic modulus data obtained in the present experiments, 
the following approximate relations have been derived: 

AC7= -RT^(dEyi>T)(pdEVdp) = -RT(dE*/d]nT)/(dE*/dln p) = 

RT(d In v/d In T)E* = constant (22) 

Here At/ is the activation energy in kilocalories per mole, R is the gas (con¬ 
stant (0.00198 kcal./mole), v is frequency in cycles/sec., and T is Kelvin 
temperature. 

By application of suitable forms of (22) to the dynamiic inc^dulus data 
presented in Figures 5 and 8 for compounds B-1 (Ilycar OR-15, unloadc^d) 
and B-5 (Hycar OR-15, loaded), activation energies in the neighborhood of 
30 kcal./mole are obtained. For the natural rubber (compound N-1, a(‘tiva- 
tion energies of the order of 10 kcal./mole are found. 

The striking feature of tlie activation energy data is the large value of tine 
energies. Mark^^ gives a figure for the cohesive energy of a 5 A. lengtli of 
a molecular chain, surrounded by four neighboring chains, of l.l k(cal./ 
mole in the case of polybutadiene, and 1.3 kcal./mole in the (*ase of natural 
rubber. The lengtli of one monomer unit is of the order of 5 A. The ob¬ 
served values of the activation energy therefore suggest that the concerted 
motion of at least 25 monomer units may be in volvtcd in the prevailing type 
of molecular (Kffusion in the case of Ilycar OR-15. In this (connection it 
is noteworthy that Eyring and Kauzmann^'* have suggested from a study 
of activation energy data for the viscous flow of the higher paraffins that 
the motion of these large molecules occurs in segments of about 20 carbon 
units. It is likewise significant that large activation energies have been 
reported for the dielectric behavior of rubbers. Kauzmann^ found an 
activation energy of 25 kcal./mole for natural rubber vulcanized with 2% 
sulfur. 

The relaxation effects whuch give rise to the large activation energies 
found from dynamic modulus data are apparently not due to hindrances 
opposing simple rotation about C—C bonds. Guth, James, and Mark® 
cite evidence to the effect that the rotational hindrance is of the order of 1 
kcal./mole. It is not surprising that the activation energy data for fre¬ 
quencies in tlie audio range do not correspond to the value for the C—C 
rotational hindrance, if Frenkel is correct ip calculating the time for reorder¬ 
ing of a rubber molecular chain, through rotational bond rearrangement, as 
10”^ sec. (See section 5 of the next discussion.) 

It would be expected that, at a given temperature, tliose relaxation 
mechanisms which give rise to dispersion at the higher frequencies, having 
the shorter relaxation times, would be characterized by activation energies 
smaller than those of the mechanisms contributing to dispersion at the 
lower frequencies. The methods which have been necessarily used to ob- 

** H. Mark, in Advancing Fronts in Chemistry, pp. 7-13. Reinholci, New York, 1945. 

C. F. Eyring and W. Kauzmann, J, Am, Chem. Soc„ 62, 3113 (1940). 
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lain activation energies from present dynamic modulus data are not con¬ 
sidered sufficiently precise to test for the presence of this effect. 

Indications Toward a Dynamic Modulus Theory 

This concluding section will be devoted to a summary of those findings, 
indicated or strongly suggested by the experimental results detailed in this 
paper, which may afford a partial basis for future attempts to construct a 
theory of the dynamic modulus. 

/. The Effective Chain Length between Hindrances Becomes Shorter at 
High Frequencies or at Low Temperatures, According to the kinetic theory 
of rubberlike elasticity,the Young’s modulus of a chain molecule is 
inversely proportional to the mean squared length of the chain. As rubber 
is vulcanized, the average effective chain length between hindrances is 
reduced as cross-links between adjacent chains and in the same chain are 
formed. The static modulus of rubberlike materials, which is of the order 
of 10’ dynes/'cin.2 for light vulcanization, increases to several times 10^® as 
vuk^anization is made extreme. The large modulus of highly vulcanized, 
or “hard” rubber, is undoubtedly the result both of a reduction in the effec¬ 
tive chain length and of the incorporation of a greater fraction of the mole¬ 
cules into the cohercut static elastic nc'twork. James and Guth^® have 
estimated that in natural rubb(»r with .5 to 8% sulfur content, only about 
25^^ of the mol(»(‘ular constituents are bound into tJie colierent elastic net¬ 
work, but they suggest that this fraction varicis w ith the degree of vukuniza- 
lion. 

The dynamic modulus of rubberlike materials appears to approach a 
value of several timers 10’® dynes'cin.^, with increasing frequency or with 
decreasing temperature, just as the static modulus approaches a similar 
value with increasing vulcanization. This suggests the view that tliere are 
many points within tlie material at which adjacent chain segments are 
bound by van d(*r Waals forces, and that when a deforming force is applied 
to th<‘ material for a period whicii is short compared to the relaxation time 
of the hindrances ofleivd by the \an der Waals forceps, these hindrances are 
effectively points of c hain iixation in the same sense as are vulcanization 
points. Thus the effc'ctivc' chain length is shorter at higher frequencies. 
Low^ temperatures produce tlie same state of affairs by making the various 
relaxation times long in comparison to any ordinary periods of sinusoidal 
force application. 

In support of this point of view there is the evidence cited in Part 11 to 
the effect that the presence or absence of moderate vulcanization has a rela¬ 
tively small effect upon the dynamic modulus at sufficiently high frequency. 
The static modulus is of course very small in the absence of vulcanization. 

2. A larger Fraction of the Molecular Chains Contributes to the Modulus 
at Higher Frequencies or at Lower Temperatures. The discussion of this point 
is largely covered by the remarks conc’erning item /. If one accepts the 
postulate that effec’tive inter- and intrarnolc'cular hindrances, comparable 
in their results to the linkages of vulc*anization, are introduced as the fre- 
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queiJcy of measurement is increased, items 1 and 2 botli follow by essen¬ 
tially the same arguments. 

3. The Observed Activation Energies Indicate the Frequent Occurrence of 
Concerted Jumps by Segments Comprising Several Monomer Units, This 
conclusion is supported by the large values of activation energy reported in 
the preceding section, where this topic is more fully discussed. 

4. Relaxation Spectra Having a Width of at Least Six Decades Are Found 
in Rubberlike Materials. This conclusion is indicated by the relaxation 
spectrum analysis which has been presented. The widtli of the relaxation 
may indeed extend to relaxation times many decades smaller or larger than 
those which have been examined with the present techniques, although it 
appears that the present measurements cover most of the frequen(‘.y range 
of appreciable dispersion and therefore most of the population of relaxation 
elements. It is possible that by studying the imaginary part of the modulus 
one could demonstrate an extension of the relaxation spectrum to very long 
relaxation times, even though the variation with frequency of the real part 
of the modulus becomes difficult of measurement at the very low frequencies. 

5. The Relaxation Times for Recording of the Indbidiial Molecular Chains 
about C—C Bonds Do Not Explain the Observed Relaxation Spectrum. It 
seems fairly certain that the inherent reordering time of a chain which 
is free of large cumulative hindering potentials along appreciable portions 
of its length cannot b(‘ identified with the observed relaxation times. The 
hindranc^es to rotational rearrangement about carbon bonds are thought to 
be as small as 0.5 kcal./mole.® In this event the “jump time” for an indi- 
dividual bond rotation is of the order of 10^'® sec. FrenkeP® shows that the 
reordering time for a chain of 1000 monomer units, in solution, is of the 
order of 10sec. The chain in solution would not be subje(;t to cumula¬ 
tive coherent potential hindrances along its length. The relaxation times 
which are found experimentally in solid rubber must therefore be explained 
in terms of the hindran(*es to which the moh^cule is sijbje(^ted in the environ¬ 
ment rather than in terms of the statistics of the individual molecule. Part 
of this environmental effect must be due to the presence of those cumulative 
potential hindrances w Inch acjcount for the large observed activation ener¬ 
gies. One cannotavsserton the basisof the present data that relaxation effec ts 
due to the time required for reordering of individual “free” chain segments 
are unimportant at frequencicis of many megacycles. In this connection it is 
interesting to note that Alpert,^* in a nuclear magnetics resonance experi¬ 
ment, has recently found evidence of molecular rotation in natural rubber 
at frequencies exceedhig 3X10^ cps. 

6. The Temperature and Frequency Dependence of the Reciprocal Modulus 
is Similar to That of the Dielectric Constant for a Polar Material. This point 
has been elaborated in Part II. 

The author is pleased to acknowledge the invaluahle guidance of Prof. H. 11. Bolt 
and helpful consultations with Prof. L. Tisza and Prof. W. H. Stockmayer of the Massa¬ 
chusetts Institute of Technology. 

J. Frenkel, Kinetic Theory of Liquids, p. 469. Oxford Univ. Press, London, 1946. 

*• N. L. Alpert, Phys. Retu, 72, 637 (1947). 
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APPENDIX I. INVESTIGATION OF DYNAMIC MODULUS BY 
ULTRASONIC BULK-WAVE TRANSMISSION MEASUREMENTS 

It is possible to deduce an approximate upper limit for the Young’s 
modulus loss factor and an approximate value for the real dynamic 

Young’s modulus from measurements of the velocity and attenuation of 
plane bulk waves in a rubber sample. In the present investigation such 
measurements have been performed in the range from 10 to 30 megacycles. 
A detailed description of the experimental method and of the results is the 
subject of another publication. 

In a viscoelasti(! medium tlui velocity of bulk (“compressional”) waves 
is approximately ; 

c= [k + 4Me/3)/p]'^' (23) 

where k is the bulk modulus, is the shear modulus, and p is the density 
of the medium. The attenuation in decibels per centimeter is approxi¬ 
mately: 

L = 5.791mcoVpc3 (24) 

wliere y is the shear viscosity coefficient. These relations are nearly correct 
when the attenuation per wave length is small compared to 54.5 decibels. 

Thus it is possible, from a knowledge of the v(‘locity and at tenuation for 
bulk waves at a specified frequency, to (^alculatt* values for the* quantities 
(k + and y. It should be remarked that th(‘ above relations are 

deriv(»d on the basis of the (‘lassical assumpliori of Stokes that tliere is no 
viscous loss associated with an all-sided compression. The general validity 
of Stok(‘s’ assumption has almost ciTtainly been disproved by the results of 
mod(*rn inv(‘sl igations of the attenuation of sound in liquids. Therefore it 
is bt‘st to assume that the valiK* of y as given above is only an upper limit 
for (he value of the shear viscosity, since the experimentally observed wave 
attenuation could be due in part to the “forbidden” conipressional viscos¬ 
ity. The “Young’s modulus viscosity” ( 7 ) is somewhere between 2 and 
3 times y. The ratio would be 3 if Poisson’s ratio were 1 / 2 , but in view of 
the large dynamic Young’s modulus (ca. 10^*^ d>nes/cm.“) which is found 
at very high frequencies, one must assume that Poisson’s ratio is somewhat 
less than 1 /2 for the present purpose. Similarly the real Young’s modulus 
lies between 2 and 3 times g,. 

The following bulk-wave data were obtained for tlie buna-N compound 
B-5: 

Dc^nsity: 1.18g./cm.^ Temf)erature: About 25°C. 

Frequency: 15 me. (w ~ 9. (3 X 10^) L; 194 db./cm. c: 2.03 X 10® cm./sec. 
EfTectiVO stiffness: {k + 4m«/ 3) — 4.8 X 10'® dynes/cm.* 

Shear viscosity on* Stokes* assumption: g = 73 poises 

An independent measurement of Young’s modulus or of Poisson’s ratio 
would be required to complete the above data. In the absence of such a 

^ A. W. Nolle and S. C. Mowry, J. Acoustical Soc. Am., 20, 132 (1948). 
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measurement, one may derive an upper limit for E^/Ei by making reason¬ 
able assumptions which are introduced below. Suppose that the “Young’s 
modulus viscosity,” 7 , is equal to 2.5 /li, or at most 180 dyne-sec./cm.* 
Then E 2 = 70 ? is at most 1.7 X 10*^ dynes per square centimeter. But E\ 
at 15 me. must be at least 2 X 10 ^® dynes/cm.^ This conclusion is reached 
by extrapolating lower frequency data according to the principle that a de¬ 
crease in temperature is approximately equivalent to an iruTease in fre¬ 
quency (Part II); the modulus actually becomes larger than 10 *° at audio¬ 
frequencies at 0 ®C., and by joining segments of the isothermal modulus- 
frequency curves, one may infer that the modulus should be at least 2 X 
T 0 *° at 15 rnc., 25®C. Alternatively, one may suppose in regard to the ex¬ 
perimentally determined value of {k + 4jUf/3) tliat k is equal to the bulk 
modulus for water, 2.3 X 10*° dynes/ern.® (That this is essentially cor¬ 
rect may be deduced from the well-known approximate equality of. the 
characteristic acoustic bulk-wave impedance pc of rubber to that of water, 
which obtains even at temperatures and frequencies for which tlie shear 
modulus is very small compared to tin* bulk modulus.) Then pe is 1.9 X 
10*° dynes/ern.* and E] is about 2 . 5^0 or 1.7 X 10*°. In either e\enl the 
Young’s modulus loss fac^tor. E^-Ei, is less than unity at 15 me., 25°C. 
But according to Figure I, Ei/E\ at 10 kc., 25 °C. for the compound B-5 
is about 1.5 and is increasing w ith increasing frequency. The results of the 
ultrasonic compressional-wave measurement therefore suggest that the 
loss factor E^/Eu for constant temperature, has a maximum with respet't to 
frequcricy. 


APPENDIX II. SYMBOLS 

The convention that a sinusoidal variation with time is represented by 
the real part of has been followed consistently, except where it is 
necessary to cite the work of other authors who have used the positive sign 
convention. Thus — i as used here is comparable to the j of electri(‘al engi¬ 
neering. 


Symbol 


Definition 


IS* as: — iJSi 

^ . 

L 

U 

H 

S* = Si -f iSi 
t 

T 

aU 

W{r) 

Zn, 

z 


Acoustic phase vel(»city, crii./sec. 

Complex Young’s modulus, dynes/cin.* 

BuHi elastic modulus, dyries/cm.*; Boltzmann’s constant 
Acoustic attenuation, db./cm. 

Length of unit cube rubber sample along stress axis, value unity 
for zero stress 

Gas constant, kcal./niole/®C. 

Complex compliance, cm.*/dyne 
Time, sec. 

Temperature, centigrade, or centigrade absolute 
Activation energy 

Strength of relaxation spectrum between t and t + dr, dynes/erru* 
Mechanical impedance, dynes-sec./cm. 

Stress, dynes/cm.* 
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a 

y 

€* = €1 -f 162 
/* 

1 

P 

CO 


Volume coefficient of thermal expansion; dimensionless parameter 
of Cole arc 

Extensional viscosity coefficient (also known as “normal’' or 
“Young’s modulus” viscosity coefficient), dynes-sec./cm,* 
Complex dielectric constant 
Shear viscosity coefficient, dynes-sec./cm.* 

Shear elastic modulus, dynes/cm.* 

Fref|ueney, cps. 

Density, g./cm.* 

Frequency, radians/sec. 


APPENDIX III. INDEX OF RUBBER COMPOUNDS DISCUSSED 

IN THE TEXT 

All the following formulas arc given in parts by weight. Except in the 
case of the latex formula, for which the ingredients are mixed in liquid dis¬ 
persion, the essential solid ingredients are mixed in the milling process. 
The milling time is given with some of the formulas. 

Solvent-cast samples are prepared by dissolving the milled material in the 
indicated amount of soh ent and pouring a thin layer of the solution into a 
flat glass dish. The evaporation of the solvent and the curing (vulcaniza¬ 
tion) of the sample occur gradually at room tempcTature over a period of 
several days. 

Mold('d samples are pla(;ed under pressure in a mold of suitable dimen¬ 
sions and are cured at an eleval(»d temperature for a period which generally 
does not exceed one hour. For these samples a curing time and a curing 
temperature are given. 

Samples N-1 and N-2 were sujiplied by Noire Dame Polymer Physics Research 
Laboratory. Tlie other samples were compounded by Mr. Joseph Zallen of the M. I. 
Ac‘Oustic«s l^a bora tor y. 


/. Natural rublter 


N-l: 8p.gr. Crepe rubber. 100 

0.975 ZiiO. 3 

S. 5 

Dipheiiylguanidine.. 1 

30 minutes at 147®C. 

N-2: sp. gr. Smoked sheet. 100 

0.953 ZiiO. 5 

S. 2 

Captax . 1.3 

Bardol B. 5 

50 minute^s at 120 °C. 

Latex: sp.gr. Crepe rubber . 100 

0.975 ZnO. 3 (as 60% paste) 

S. 5 (as 40% paste) 

Piperidine pentamethylene dithiocarbamate... 2 


Cast as liquid and cold-cured. 

//. llycar OR-i5 (buna-N rubber: copolymer butadiene, acrylonitrile) 

B-0: sp.gr. Hycar OR-15. 20 minutes milling. Cast as 20% solution in methyl 

1.02 ethyl ketone. Unvulcanized. 
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B-1: sp.gr. Hycar OEl-15.. . 100 

1.06 ZnO. 5 

S....... 1.3 

Butyl’s (a dithiocarbamate). 10 ml. 

Methyl ethyl ketone. 180 

20 minutes milling. Solvent-cast. 

B-5: sp.gr. Hycar OR-15_ 100 

1.18 ZiiO. 3 

S 2 

Butyl 8. 10 ml. 

P 33 black (soft thermal black). 30 

Methyl ethyl ketone.... 480 

Benzoic acid (gel inhibitor). 2 

15 minutes milling. Solvent-cast. 

B-99: sp.gr. Hycar OR-15. 100 

1.05 ZnO. 5 

S.: •• • 2 

Mercaptobenzothiazole .. 2 

30 minutes at 149 °C. 

B-lOO: sp.gr. Hycar OR-15. 100 

1.05 ZnO. 5 

S. ... ... . 15 

Beiizothiazyl disulfide ... 1.3 

60 minutes at 143° C. 

Ill. Butyl rubber or GH-1 (copolymer isobutylene^ isoprene) 

11-50 sp.gr. GR.I70.... 100 

0 91 ZnO. 5 

S.. 2 

Stearic acid. 13 

Thiurarn M (tetraethylthiuram disulfide). 1 

Mercaptobenzothiazole. 0.5 

40 minutes at 153°C. 

1V. Neoprene (polychloroprene) 

GN-50: sp.gr. Neoprene GN. 100 

1.32 ZnO. 5 

MgO. 7 

10 minutes at 153 °C. 

CG-1: sp.gr. Neoprene CG. 100 

1.45 PbO. 20 

Neozone A. 2 

Silerie EF (calcium silicate).... 2 

Toluene . 320 

Acicelcrator 833. 3 

10 minutes milling. Solvent ca.st. 

V'. (IB-S (Copolymer butadiene^ styrene) 

S-50: sp.gr. GR-S . 100 

1.14 SR F (semireinforcing black)... 50 

. ZnO. 5 

S .......^ 2 

Stearic acid. 1.5 

Mercaptobenzothiazole. 1.5 

50 minutes at 143 °C. 

R£sum6 

Les r6sultats experirnentaux sont rapport6s pour le module dynamiqiie coinplexe de 

Young des substances 61astoin^res, pour des fr6queiice8 de 10“* ^ 10“® cycles par seconde, 

ot h une temperature variant, au maximum de —60° k +100°C. La part reelle du 

module varie, de fagon significative, avec la frequence au moins .sur six decades, et 
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s’accToil avec une au^^rnentation de frAjiieiice ou line dirniniitioii de temperature. La 
part imaginaire du module est grande dans les parties des diagrammes temperature- 
frequence oii la part reelle presente un gradient important; j)our certains compost elle 
attaint des valeurs plus grandes que la part reelle. l^e comporternent du module inverse, 
ou la “compliance,” en fonction de la temperature et de la frequence est qualitativement 
le m^me que eelui de la (‘onstante dielectriqiie des dielectriques polaires, presentant une 
grande dispersion. I<.es rnesures les plus irnportantes, qui supportent ces conclusions, 
ont 6te faites sur les v iiU^anisats Bima-N. Aux t^^s faible frwjuences, la part reelle du 
module dynamique est proportionelle a la temperature absolue, coinme requis par la 
thA)rie cinetique de I’elaslicite du caoutchouc. A une frequence plus elevee, repr68en- 
tant le debut de la dispersion, rellet inverse de la temperature d6bute. La frequence de 
transition est de Tordre de 100 cps pour le caoutchouc naturel, et un cps pour le caout¬ 
chouc butylique. durcissernent du caoutchouc avec une diminution de temperature, 
parhiis considere commi' une evidence d’une transition de second ordre, devient pro- 
gressivement inoins abru[)te avec des fr^iiences croissantes. II semble de ce fail, que la 
“transition” de second ordre, telle qirobserv^ aux frequences elevees, est actuellement 
un effet de vitesse de relaxation. Aux tres faibles frequences, il existe une transition 
thermique du module, dont la forme est d’ordiiiaire independante de la frequencre, et qui 
n’est pas necessairement la continuation du durcissernent par relaxation aux frt^uences 
elevees. L’arc de Cole dans le diagramme cornplexe (jonstitiie une representation 
approximative des resultats de “compliance” dynamique. La deformation statique de 
rei'hantilloii jusqu’a 50% d’elongation influence le module dynamique par un facteur 
inferieur a deux dans la filiipart des cas, mais I’elTet est rarernent n%ligeable. I.,a 
pr^ence ou Fabsence de vulcanisation iFalfecte pas, de fagon critique, le module dynam¬ 
ique a haute frwpience; racroissement du module ret*l avec une augmentation de fre- 
(pience doit #tre du, de ce fait, en partie a des emp^cherniuits de relaxation intermolec- 
ulaire, (pii sont ecpiivalents aux liaisons, dues a la vulcanisation, aux frequences elevees. 
La comparaison est faite (*iitre les resultats obtenus pour le buna-N, le caoutchf)uc- 
butylique, le (iR-S, le neoprene et le caoutchouc naturel. Dans le domaine des fre¬ 
quencies auditives, le caoutchouc presente Tangle de perte le plus faible, tandis que le 
buna-N et les caoutchoucs biityliques presentent les pertes les plus considerables. 
Comme autre expression de ces resultats, une iiiethode afiproximative est utilisee pour 
trouver un spectre de relaxation jMiur les v ulcanisats de buna-N. f.«e spectre s’etend sur, 
au moins, six decades, mais les extrenute.s ne peuvent etre traces avec les resultats 
acluels. I^es energies d’activ ation fMuir les processus d’fH'oiilement moleculaire, ligurant 
dans la deformation d>nanii(pie, sont calciilees par une methode approximative au 
depart des resultats poui le buna-N et les caoutchoucs naturels. Des valeurs d'enviroii 
30 et 10 Kcal/mole ont ete trouvees respectivement. Os irnportantes energies d’acti- 
vation suggerent que les effets importants de la relaxation t»bserv4s de les domaines de 
fr^iK'iice du ])re.sent travail |)ro\ienneiit d'empechements aux moiiveiiients des seg¬ 
ments moleculaires, coiistitues de plusieurs unites monomeriques, plutot que d'uiie 
rotation restreinte autoiir des liaisons (%C. 


Zusamiiieiitassung 

Ks werden experimeiitelle Resultate fiir den komplexen dynamischen Young Modul 
von kautschukahiilichem Material in dem Frequenzbereich 10 ^ bis 10"® Hertz pro 
Sekunde und in eineiii lYinperaturlx*reich, dessen aussersto (irenzeii —60° imd -1-100°C. 
siiid, angegeben. Der retdle Teil des Moduls variiert bezeichnenderweise mit der Fre- 
quenz Tiber mindestens 6 Dekadeii, und nimiiit zu mit zunehmender Frequenz oder mit 
abnehmender Temperatur. Der iniaginare Teil des Moduls ist gross in den Teilen der 
Temperatur-Frequenz-Ebene, wo der reelle Teil einen grossen Gradienten hat, und 
erreicht in einigen \ eriiindungeii grossere Werte als der reelle Toil. Das Verhalten des 
rtv.iproken Moduls, oder Fiigigkeit, in Aiibetracht zii Temperatur und Frequenz ist 
qualitativ das gleiche wie das der dielektrisidien Konstante von polaren Dielektrika, die 
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ein grosses Dispersionsberelch haten. Die ausfuhrlichsten Messungen zur Uiiterstutz- 
ung dieser Schliisse wurden piit Buna-N-Vulkanisaten ausgefiihrt. Bei sehr geringen 
Frequenzen ist der reele Teil des dynainischen Moduls proportional der absoluten Tera- 
peratur, wie es die kinetische Theorie kautschukahnlicher Elastizitat verlangt. Bei 
einer hoheren Frequenz, die das Beginrien der Dispersion darstellt, tritt der gegenseitig 
Temperatureffekt ein. Die Frequenz des tJbergangs ist in der Grossenordniing von 100 
Hertz pro Sekunde fiir natiirlichen Kautschiik und 1 Hertz pro Sekunde fiir Butyl- 
kautschiik. Das Sleifwerden von Kautschuk mil abnehmender Teinperatur, welches 
manchmal als Anzeichen eines IJbergangs 2. Ordnung angesehen wird, wird mit 
steigender Frequenz progressiv weniger aiisgesprochen. Es scheint deshalb, dass der 
Ubergang “zweiter Ordnung,” wie er bei hoheren Frecjuenzen beobachtet wird, in 
Wirklichkeit ein Effekt der Relaxationsgeschwindigkeit ist. Bei sehr niedrigen Fre- 
qtienzen besteht ein Ternperaturubergaiig des Moduls, dessen Form fast unabhiiiigig von 
der Frequenz ist und der nicht unbedingt eine Fortsetzung des durch Relaxation hervor- 
gerufenen Steifwerdens ist, welches bei hoherer Temperatur gefunden wurde. \is 
wurde gefunden, dass der Cole-Bogen in der Komplexebene eine ungefahre Representa¬ 
tion der dynamischen Fiigigkeitsdaten ist. Eine statische Deformation der Probe bis 
50% Elongation beeinflusst den dynamischen Modul mittels eines Faktors, der in den 
meisten Fiillen kleiner als 2 ist, aber seine Wirkung ist sclten zu vernachlassigen. Die 
Gegenwart oder Abwesenheit von Vulkanisation beeinflusst den dynamischen Hoch- 
frequenz-Modul nicht kritisch; also muss die Zunahme des recllen Moduls mit zuneli- 
rnender Frequenz teilweise durch interrnoickulare Relaxations hinderungen bcdingt sein, 
welche bei geniigeiid hoher Frequenz Vulkanisationsbindungen gleichwerlig sind. 
Daten fiir Buna-N, Butyl, GR-S, Neopren und natiirlichen Rautschuk werden ver- 
glichen. Im hbrbarcn Frequenzbereich hat naturlicher Kautschuk den kleinslen Ver- 
lustwinkel, wtihrend Buna-N und Butylkantschuk die griissten Verliistwinkel habtui. 
Als anderer Ausdruck der Resultate wird eine annahernde Methode zum AufRiiden eines 
Relaxationssp(3ktnim fiir Buna-N-Vulkanisate benutzt. Das Speklrum dehnt su^h iiber 
rnindestens 10 Dekaden aus, aber seine lixtreine komien mit den vorliegenden Daten 
nicht urnrissen werden. Aktivierungsenergien fiir Molckiil-Fliess-Prozesse, die in 
dynamischen Deforrnationen enthalten sind, werden mittels einer annahernden Methode 
aus Daten fiir Buna-N und natiirlichen Kautschuk bcrcchnct. Werte von ungefahr 50 
beziehungsweise 10 kcal/mole wurden gefunden. Diese grossen Aktivierungsenergien 
lassen vennuten, dass die i)edeutenden Relaxationseffekte im Frequenzbereich der 
vorliegenden Arbeit vielmehr durch Hinderungen bewirkt werden, die der Bewegung 
von aus mehreren monoinereii Einheiten ziLsammengesetzten Moiekiilseginenttm 
entgegentreten, als aus einer verhinderten Rotation um C-C Bindungen. 

Received March 1,1918. 
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Vitesse de Polymerisation et de Copolymerisation de 
I’Aeetate d’Isopropenyle 

R. HART et (i. SMHTS, Laboratoire de Chimie MacromolSciilaire, Vni^ 
rersiU de Louvain, Belgium 


L’acetale d’isopropenyle, qui fait Fobjet do cette etude peut Mre coiisi- 
d6re slruc'turelleinent, eorrirne Fhoinologiie superieiir de Facetate de vinyle, 
par substitution par un ji^roupe niefhyle, de I’hydrogene fixe an c^arbone 
porteur du groupe ai etoxyle. 

Du point de via* de la polarite de la double soudure, eette substitution 
doit entrainer un earaetere nejiatif plus pronont e de la liaison ethylenique; 
les essais d(‘ eopolynierisation out perniis de verifier eette influence. Par 
ec'tte substitution e^alement, ce rnonomere accjuiert une structure allylique; 
c(‘lle-(‘i fait supposer d(‘s propriety sernblables a celles de Facetate d’allyle, 
dont (C inonomere nouveau ne differe que par la position diflerente du 
f?roupe ac^etoxyle. Ce comportement a ete retrouve par des essais de poly¬ 
merisation. 

L'acetate d’isopropenyle s'obtient, soil par addition d'acide acetique au 
propine en presence de fluorure d(‘ bore, soil par action du cetene sur F- 
acetone en pr&enc<‘ d’at'ide sulfurique. 

CHa— C^CJt -f Cn, CO OH 

HF, 

/CH, 

\o~CO CII« 

I,,..,. 


CH.,—CO Cll., + OIL-CO 


A. VITKSSK l)K POLYMERISATION DE L’ACETATE 
D’ISOPROPENYLE 

La polyin^risaliou de ce tnoiuanere prfeeule line aiuilogie reinarquable 
avec la polym^risalinn de I’acctate d’allyle, et se differeiicie ties eonsi- 
d^rablement de celle de I’ao^tate de vinjle. 

Aiiiiji, sous I’ai-tioii de la lumiere uHra-violette. durant vinptH'iiuj a cent 
heures, il se fonne, apres entralneinenl a la vapeur de lexers de niononifere, 
un produit liquide, tms visqueux; les rendenients sont tres faibles. En 
pr&ence d’halog^nures inetalliques (SnCL, RFji, AlCIa) il ne se manifeste 
aucune polymerisation. 


!>5 
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Par chauffage prolonge a 100° eii presence de 0.25% de peroxyde de 
benzoyle, ce monoinere iie polymerise qii’avec des rendenients rninirnes 
(environ 1%). Pour obtcnir des rendenients plus Aleves, il est necessaire 
d’utiliser des quantity iniportantes d’initiateur, par exemple 2 k 10%. 
Dans de lelles conditions, les poids molecuiaires moyeiis des polyrneres 
obtenus sont faibles; aiiisi, en presence de 5% de peroxyde de benzoyle, 
par chauffage durant 30 heures a 100°C., on obtient un poids nioleculaire de 
1068, soit un decamere. Dans des conditions sernblables, Bartlett et 
AltschuP out obtenu dans le cas dc Tacetate d’allyle un poids nioleculaire de 
1300. 

De rnerne que ces auteurs, nous avons suivi la vitesse dc disparilion du 
peroxyde de benzoyle et de Tac^etate d'isopropenyle au cours de la poly¬ 
merisation. Les resultats sont renseignes dans le tableau I. 

La decomposition du peroxyde de benzoyle est du premier ordre par 
rapport a sa concentration; la constante de vitesse ki est de 1.025 X 10 V 
sec. (fig. 1). 



Fig. 1. l>6compo6ition clu peroxide 
de benzoyle en fonetion du tempH. 
T°; 85°C. (init); 0.2,398 niole/litre. 



O.ooo 0,050 0,(00 0,150 0,eoo 

concentration da peroxyde 


Fig. 2. Vitesse de disparilion de I’- 
uo4late d'isoprup6ri> le en fonetion de 
la vitesse de disparition du peroxjde 
del>enzi>>le. '1^ 85°C:. 


TABLEAU I 

Polymerisation DE i/A cetate dTsopropenyle a 85° C. en Presence 
DE 5.87% DE Peroxyde de Benzoyle 


Durlift, min 

(Iiiit.)a 

(M)0 

% polym. 

0 

0.2,398 

9 408 

0 

30 

0 19.32 

8 602 

8 6 

91 

0 131.3 

7 611 

19 1 

2U 

0.0611 

6.372 

32 3 

120 

0 0186 

5 628 

40 2 

24 heures 

0 000 

,3.310 

43 6 


® flriit), concentration rnolaire en peroxyde de benzoyle. 

(M), concentration niolaire en rnonorii^re. 

D’auire part, en etablissant le diagramme des variations de la concentra¬ 
tion en monoinere en fonetion de la variation de la c^oncentration en per¬ 
oxyde de benzoyle au cours d’une polymerisation, on constate une relation 
lineaire; il y a done un rapport constant (fig. 2): 




VITESSE DE POLYMERISATION 


57 


A(M)/A(mit) = 17.0 

La polymerisation de ce derive allylique pent Stre schematisee par les 
etapes suivantes: 

(a) activation: 

init -- *' > 2R* (1) 

(if) propagation: 

H* + M -» R—M* 

R—M* + M ** > R M~M* (2) 

(c) transferl de chaine: 

R* + M R. H + r* (3) 

/•♦ + M r--M* (4) 

((f) rupture: 

kb 

n* + 1^* -> addition on disproportionation (5) 


H* + r* -f ... (6) 

r* + r* .. (7) 


Les reactions d'acti\ation (‘1 de propagation de ( haine sont les reactions 
habituelles a toules les polymerisations. La reaction (5) est evclue; elle 
entrainerait une vitesse de disparition du inonornere proport ion nelle a la 
racine carree de la concentration en inonoinere, ce Cjui est contra diet oire 
a\ec l(‘ rapport constant trouve. 

Les d(Mi\ ant res proct^ssus de rupture sont egalement possibles, toutelbis 
le processus (7) st‘mbl(‘ le plus probable. C.e sont l(‘s pro(’essus de transfert 
de chaiiM* (|ui s(ml particulierement intenses dans le ( as des derives ally- 
licpjes. Par collision d une chaine en croissaiu’e ave(Mjne molecule de mono 
nuT(% celui“ci donne tn's aisernent lieu a un transfert de chaine par suite de 
la mobility'' de rh>drog(Mi(* (*n alpha de ce deri^e, sui\ant la reaction: 

Me Me 

.. c'.ti—(!:• + cii.- c c.ii tt-> cti,—in + 

■ I ■ I I 

OAc OAc t)Ao 

ctii^r.-r.iij* ' .^ r.ttu* c=-cHu (.t) 

()\c Aac 

Le radu‘al r* ne reagit toutelbis jms a^ec une nouv elle molecule de mono- 
mere, par suite de rerpiilibre (1). Le produit d'addition e\entuellement 
forme se redecompose en radical r* et en monomere, laissant ainsi le milieu 
inchange. Les radii^aux r*, (pii se forment tres aist'ment suivant la reaction 
(3), s’eliujinent du milieu de reaction exclusiv ernent par Tun des deux 
phenornenes de rupture (6) on (7). 

Ce phenornene a ete designe par Bartlett et AltschuP “degradative chain 
transfer,” rupture de chaine desactivante. La reaction (1) ne se passe 
toutefois pas par suite d’un maiuiue de reactivite du radical r*, mais par 
suite de la reversibilite du processus lui-meme; les essais de copolym^risa- 
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tion d6crit8 ri-dessous, eiitre I’acetaie d’isoprop^iiyle et I’ac6tate de vinyle 
en son! la preuve. D&s que le radical r* se trouve eii pr&ence d’un autre 
monomfere viiiylique, qui n’est plus de nature allylique, il s’y additionne 
ais6ment, mSme si la rea(itivite de (je dernier monomfere est du mfeme ordre 
que celle de Tac^tate d’isopropenyle (voir chlorure et ac6tate de vinyle: 
plus loin). 

Cette interpretation du comportement allylique differe nettement de 
celle indiquee ant^rieureinent par Bartlett et Altschul; elle conduit toute- 
fois & la rnSme erf nation finale: 

A(M)/A(init) == (fe + ki)/k: 

En vue de verifier simultaneinent cette interpretation du comportement 
allylique et du schema de polymerisation, il nous a paru particulierement 
int6ressant d’examiner les reactions de copolym6risation de ce meme mono- 
m^.re en presence d’autres rnonorneres vinyliques ordinaires; k ce titre 
nous avons essaye les copolymerisations avec I’acfitate de vinyle, le chlorure 
de vinyle, le methacrylate de m^thyle et le styrene. 

B. VITESSES DE COPOLYM^RISATION 

(a) Copolymerisation de I’acetate d’isoprop^nyle avec I’acetate 

de vinyle 

Dans le tableau II et les tableaux suivants, nous avofis indiqu^ les re- 
sultats des essais de copolymerisation effectues; Tindice 2 d6signe toujours 
I’ac^tate d’isoprop6nyle. 

TABLEAU II 


Af, 

Analyse 

mj 

Durfie, mill. 

% polyni 

0.100 

11 43 

0 108 

23 

8 1 

0.200 

11.30 

0.180 

10 

9 0 

0 400 

10.94 

0 388 

102 

9.2 

0.500 

10.75 

0.502 

110 

8 0 

0.600 

10.61 

0.590 

210 

8.4 

0.715 

10.42 

0 712 

100 

7 2 

0.800 

10 28 

0.806 

820 

9 0 

0.900 

10.12 

0.917 

33 heiires 

9.5 


La copolymerisation a ete effectuee en solution benz^nique a une con¬ 
centration totale des monomeres de 8 mole/litre, en presence de 7.2 X 
10 moles/litre de peroxyde de berizoyle, comme initiateur; la tempera¬ 
ture a 6te maintenue a 75°C. Les fractions rnolaires M 2 indiquent la teneur 
rnolaire en acetate d’isopropenyle dans le melange initial des monomeres; 
les fractions rnolaires m 2 indiquent la fraction rnolaire en acetate d’isopro- 
p6nyle dans le copolymSre. 

Les copolyrneres obtenus out done pratiquernent la meme composition 
molfculaire que les melanges de monomeres dont on est parti. Dans la 
figure 3, ces r^sultats s’6chelonnent sur la diagonale du diagramme de 
copolymfrisation; une telle copolym^risation est dite ‘*az6otropique.’" 
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Kri uiilisaiil I’equation habituelle de la copolymerisation,^ on troiive comrne 
valeurs des rapports dcis constantes de propagation: 

T] = r2 = I 

Les deux rnonorneres presenteni done une reaetivile sensiblerru^nl egale 
vis-a-vis d'un rneme radic al. 


(b) (^opolynierisation du chlorure de vinyle el de I’acetale d’isopro- 

penyle (tableau III) 

TABLEAU 111 

Rendeiuent, 


M 2 

' f ( 

mt. 

I)ur6n, Min. 

% 

0 107 

52 68 

« 017 

135 

12 

0 208 

17 65 

0 107 

220 

11 

0 295 

13 35 

0 162 

530 

15 

0 395 

38 62 

0 227 

870 

13 

0 601 

30 19 

0 350 

1300 

9.1 

0 768 

21 25 

0 511 

98 hoiires 

5 3 


C'es copolyinerisalions ont ete elFoctuees a 65°(^.., en prfeonce de 0.20% 
de i)eroxyde de bcMi/oyle, comrne initiateur. La (ourbe de copoly in 6risa- 
lion est egalenieni contemie dans la figure 3 (Courbe III); les valeurs 


Fig. 3. CXnirlit*H de eopol> tti^riKa- 
tion de I'ue^tate d'lwoprop^n^le (2) 
avee Fae^late de vin>le (I), le ehloriire 
de vin>Ie (III), el le m4lhaer>late de 
m6tli,^Ie (II). La eoiirhe III' 6,e rap- 
porle ail M>»leine chlorure <le 'iiii>le- 
ae^tale <le \in>1e. 



donnant la meilleurc coiicoi*dance a\ec les r’esultals experinientaux sont 
les sui\antes:* 

ri == 2.2 r2 = 0.25 


Dans les diHix cas, le chlorure de vinyle est plus rcai'tionnel (|ue Tacetate 
d’isof)ropen>l(*. 

En comparaiit ces resultats avec ceux obtenus dans le cas de la copoly- 
inerisation du chlorure de vinyle (mO avec rac6lale de vinyle (m 2 ) ou 

, Ti = 2.1 et r 2 = 0.3 (figure 3, courbe Ill') 

on constate egalernent (jue ces valeurs sont tres proches de celles detcr- 
minees avec ra(‘(^tate d’isopropenyle.* Ces donnees de copolymerisation 

* Dans le diagranirne, les valeurs de AL on! corrigees en tenant coinpt des quanti- 
t6s de inonoin^res oonsotnrn^s. 
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confirment done entiferement la similitude de r6activit6 des deux acetates, 
comma le supposait la copolymerisation az6otropique pr6c6dente. 

(c) Copolymerisation du methacrylate de methyle et de I’ac^tate 
d’isopropenyle (tableau IV) 

TABLEAU IV 


Mt 

Analyse® 

ma 

Dur^e min 

% l»«»lym. 

0.100 

0.06 

0.006 

20 

6.1 

0 200 

0 15 

0.015 

20 

5.5 

0 500 

0.31 

0.034 

40 

6 7 

0 600 

0 60 

0.060 

40 

5.4 

0 700 

0.72 

0.072 

60 

6.0 

0.900 

1.95 

0.195 

120 

4 8 


" I^es resultats d’analyse experiment le nornbre de millirnolejs depolasst^ caustupie 
nfessaires pour saponifier Igr. de copolymere. 

Ces copolyrnerisations out etc effectuees en solution bcuizenique a line 
concentration totale en monoineres de 8 inoles/litre, en presence de 8.2 X 
10""® inoles/litre de peroxyde de benzoyle comrne initiateur; la temperature 
a ete maintenue a 75°C. La eourbe, qui est epilernent renseignee dans la 
figure 3 (eourbe 11), s’inlerprete le mieux par les valeurs des rapports des 
constantes de vitesses de propagation: 

Ti = 30 et r-i — 0.017 

Ces resultats indiquent (jue le methacrylate di* metli>le entre (rente a 
cinquante fois plus vite dans le copolymere que Tac'etate d'isoproptMiyle; 
corame pr6vu, le methacrylate de methyle est done b(*aue<)up plus reae- 
tionnel. 


(d) Interpretation de ees resultats: Reaetivile relative des mono- 
meres et polarite <le la liaison ethylenique 

Par application du calcul semi-cjuantitalif, indique par Alfre> et Price,^ 
nous nous sommes efforces de caraderiser Taietate d’isopropenyle a 
regard des autres monoineres (fuanl a la polarite d(‘ sa double soudure et sa 
reactivitc generale. 

Les trois rnonorneres de reference, ipie nous avons utilises, sont carai*- 
terises par les valeurs relatives suivantes:^ 


(hlorure de viiiyle: Q = 0.028 e == —0.19 

acetate de vinyle: (> = 0.018 e = —0.61 

methacrylate de methyle: (> = 0.64 e = 0.0 


Syst^me 

Chlorure de vmyle-ac6tate d’iso¬ 
propenyle 

Acetate de vinyle-ac6tate d’iso- 
prop6nyle 

Methacrylate de rnethyle-ac^tate 
d*isoprop6nyle 


TABLEAU V 


ri 

Fi 

0 

e 

2 2 

0.25 

0.015 

-0.97 

1.0 

1.0 

0.018 

-0.61 

30 

0.017 

0.021 

-0.82 
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En appliquant ces valcurs aux copolymerisations de ces inonorneres avec 
rac6taie d’isopropenyle, on trouve (Tableau V): 

Ces valeurs soiit suffisament (x>n(;ordantes, et amenent a des valcurs 
inoyennes de Q = 0.018 et c = —0.80. 

Kn utilisaiit des valeurs de c = —0.8 et de (? = 1.0 pour le styrene, cornme moiioniere 
de reference, on trouve pour Tacetate d’isopropenyle les valeurs e = —0.97 et 0 — 0.023 
(calculees par rapport au chlorure de vin>le).* 

En coniparaiit ('es valeurs a celles de I’acetate de vinyle, indiquees plus 
liaut, on constate que la reactivite de c;es deux rnonomercs sont sensible- 
ment du raeine ordre de grandeur; d’autre part, la presence du groupe 
inethyle a Tendroit de la double soiidure entraine un caractcre legerernent 
plus negative de la soudure ethyleni(|ue. 

line rea(!tivite setnblable de ces deux inonorneres etait imprevisible en se 
basant uni(|uernent siir les essais de polymerisation de ces rnonoineres, pris 
isolement; par copolyinerisation, il a ete ainsi possible dc* juslifier le 
schema de polymerisation presente au debut d(' (‘('tl(» etiidj*. 

C. DEGKfiSDEPOIAMfeRISATION ET TRANSFERT DE 
CHAiNE AIT COURS DE LA COPOIA MfeRlSATION 

(a) .Methacrylate de methyle-acetate d'isopropciiyle 

Des melanges de composition idenlique de methacrylate de methyle et 
d’acetate d’isopropenyle out etc copol>merises en prfeence de (juantit^s 
variables de perox>de de benzoyle. Les degrfe de polymerisation des 
polynieres out ete determines par mesure osmoticpie (micrornethode de 
Zimin). Le tableau M indique les resultats obtenus a une temperature de 
reaction de 75°C.; la serie A se rapporte a des essais elTec tufe siir des 
melanges de rnonoineres dont le rapport molaire methacrylate de methyle/ 
acetate d'isopropenyle est egal a 2.11. Dans la serie* B le rapport molaire 
utilise (rorrespondant s’eleve a 0.141. 




TABLEAU VI 



Peroxyde, 

rnolos/litn* 

Dur^, 


VilesHf's, 
mole litre 


X 10 ‘ 

min. 

% polyin. 

Serie A 

mi n > 

/> 

4 40 

40 

7 17 

1.7 X 10-^ 

2400 

11 34 

24 

6 97 

2.7 

1950 

21 30 

17 

6 56 

3.6 

1650 



Serie B 



2 15 

112 

6 40 

0 5 

1370 

10.91 

48 

5.87 

1 11 

910 

21.24 

34 

5.61 

1 5 

850 


Kn etablissant un diagramme, exprimant le logarithme de la vitesse 
brute de polymerisation en fonction du logarithme de la ('oncentration 
initiale en peroxyde, on obtient dans les deux series A et B une droite dont 
le coelBcient angulaire est %al a 0.47. La vitesse de polymerisation est 
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done proportionnelle k la racine carr6e de la concentration en peroxyde de 
benzoyle; au cours de ces copolymerisations, il n’y a done pas de transfert 
de chaine d^sactivant (reaction 4). Les radicaux r*, issues d’un transfert de 
chaine au depart d’une chaine en croissance et d’une molecule d’ac^tate 
d’isopropSnyle, donnent naissance a une nouvelle chaine par addition d'une 
molecule de methacrylate de methyle. Le processus normal de rupture de 
chaine suivant le mecanisme (5), se retablit, entrainant la loi habituelle de 
la racine carree de la concentration en initiateur. 

Si, par contre, on 6tablit la relation unissant le logarithme du degr6 de 
polymferisation moyen au logarithme de la concentration en peroxyde, on 
obtient: 

serie A log P = —0.24 log (init) 

s6rie B log jP = —0.21 log (init) 

Le degre de polymerisation moyen, contrairement a la vitesse de poly¬ 
merisation, ne varie dories pas proportionnelement a la racine carree de la 
concentration en initiateur. Ce comportement s’explique par un important 
transfert de chaine, du principalement k I’acetate d*isoprop6nyle (rnobilite 
de rhydrogene alpha allylique). 

On sait que le degr6 de polymerisation est egal au rapport de la vitesse do 
propagation a la somme des vitesses de rupture et de transfert de ('haine 
(respectivement Vp, et r,). Au cas ou il n’y a pas de transfert de chaine, 
le degre de polymerisation est egal a la longiK'ur de (*haine cinetique u, 

c.a.d. 

P = Vp/(rr + Vr) V = Vp/Vr 

Il en r&ulte; 


\/P = (lA) + K^ (8) 

ou Kt est egal au rapport des coustantes de vitesses d(» t ransfert de c haine et 
de propagation. Si la concentration en monomere est mainteiiuc c^onstante 
(series A et B), cette derniere relation peut se mettre sous la forme sui- 
vante: 

1 /P = Const, (init)”^ + Kt (9) 

La constante K , est done Tordonnee k rorigine de la droite exprimaiit 1 /P en 
jfonction de la racine carree de la concentration en peroxyde. Par applica¬ 
tion de cette relation aux deux series A et B relatees ci-dessus, on obtient: 

serie A Kt - 2.6 X 10 ^ 

serie B A', = 5.2 X 10~^ 

La constante de transfert est d’autant plus 61evee qu’il y a plus d acetate 
d’isoprop6nyle dans le milieu de reaction. Dans le cas, oh ce derive csl 
seul present, le transfert de chaine joue le r61e principal dans le ph6nomhn(‘ 
de rupture (Equation 4) et le degre de polymerisation est pratiquement con¬ 
stant. 



VITKSSK DK POLYMERISATION 


63 


(b) Chlorure de vinyle-acetate d’isoprop6nyle 

l)es ph^noinfenes de transfert de chaine semblables out pu Stre mis eii 
6viden(je en prfeeuce de chlorure de vinyle. Ici 6galement la vilesse esl 
proportiounelle a la racine carree de la concentration en peroxyde de 
benzoyle. Les resultats sont iiidiques dans tableau VII. 

TABLEAU VII 


I’eroxydc, 
% en poids 
de la masse 


totale des 
monomdres 

Dur^e, 

rain. 

Rondt., % 

Vitesse, % 
polym./min. 

[ill, acetone 20® 

0.050 

720 

13 3 

1.85 X 10"» 

0.188 (44,000) 

0.096 

680 

17 2 

2 5i 

0.183 

0.192 

375 

16.3 

4.31 

0 172 

0.789 

300 

23 1 

7 70 

0 157 (33,000) 


La temperature de rea(;tion 6tait niaintenue a 65°; le rapport rnolaire 
acetate d’isopropenyle/chlorure de vinyle: 0.394. Ici egalement les vis¬ 
cosites intrinseques des copolymeres ne varient que dans un rapport de I 
& 1.2 (au lieu de 1 a 4) alors que les concentrations en initiateur varient dans 
un rapport de 1 a 16. Les poids raoleculaires de 44,000 et 33,000 ont ete 
determines par la m^thode osmotiquo, en utilisant le dioxane coniine sol- 
vant. 

(c) Polymerisation du styr<;ne en prescmce d’acetate d’isopropen\le 

Dans le but de determiner uiu‘ 6ventuelle copolymerisation du styrene 
et de I’acetate d’isopropenyle, des quantiles variables de ces deux mono- 
meres ont ete polymerisees a 75° en presence de peroxyde de benzoyle 
(9.48 X ! 0“® mole/litre). Les resultats analytiques des dosages de carbone 
varient de 92.25 a 92.85%; pour le polystyrene pur cette teneur est egale 
a 92.31%. Le styrene et Tacetate d’isoprop6nyle ne copolym^risent done 
pas, ou ne copolymerisent que dans une tres faible proportion. Ce (^om- 
portement est analogue a ('elui de I’acetate de vinyle a I’egard du styrene.^ 
D’autre part les \ ariations de vitesse et de poids moleculaire sont propor- 
tionnelles & la concentration molaire du styrene, si on garde unc concentra¬ 
tion constante en initiateur. A I’^ard du styrene, I’acetate d’isopropenyle 
agit comme un simple solvant. 

En vue de verifier cette hypothtee, des mesures comparatives ont ete 
effectuees en polyraerisant du styrene en solution dans le benzene (tableau 
VIII) et dans I’acState d’isoprop6nyle (tableau IX), a une ineme tempera¬ 
ture, avec des concentrations variables en initiateur. Les vitesses initiales 
de polymerisation, ainsi que les viscosites intrinseques des polyrneres formes, 
ont ete mesurees. Les tableaux suivants indiquent les resultats obtenus. 
Les vitesses expriment la variation de concentration molaire par minute. 
Les v iscosites intrinseejues ont ete determinees en solution toluenique. 
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TABLEAU VIII 

Polymerisation du Styrene en Solution Benzenique 



T^ 75^*0.; 

[Styr^e], 6.51 Moles/Litre 


Peroxyde, 

% 

Dijr6e, 

rain. 

% polym. 

Vi lease 


0.095 

63 

3.41 

3.55 X 10-» 

. 0.74 


105 

5.64 



0.226 

47 

4.18 

5.66 X 10“* 

0.51 


79 

6.95 



0.530 

32 

3 88 

8.40 X 10 

0 39 


59 

7.38 




TABLEAU IX 

Polymerisation du Styrene en Solution dans l’Agetate 
dTsopropenyle 



T°, 75 °C.; 

[Styr^nej, 7.09 Moles/Litre 


Peroxyde, 

% 

min. 

% polym. 

Vitesse 

hi 

0.062 

81 

3 65 

3 08 X 10 » 

0 88 


106 

4 70 




122 

5 30 



0.124 

59 

3.65 

4.32 X 10~» 

0 68 


77 

4 57 




92 

5 76 



0.312 

35 

3 21 

6 63 X lO-'^ 

0 18 


78 

7 34 



0.622 

41 

5 63 

9 43 X 10-» 

0 37 


60 

8.13 




91 

12 21 




En ^tablissant les diaf?ranira(‘s, exprirnant Ics logarilhines d(\s vilt‘sses eii 
foiiction des logarilliirjos de la conconiration en peroxyde, on obtient une 
droito dont la tangente est egale a 0.51 et 0.48, pour a polymerisation on 
solution benzenique et en solution dans Tacetate d’isopropenyle respective- 
merit. La loi habituelle de la racine carree de la concentration en iniliateur 
se trouve verifiee (fig. 1). 

En tenant coinple par ailleurs, que la viscosite intrinseqiie du polyst>- 
r^ne, prepare a est liee au degre de polymerisation par la relation: 

M == c.a.d. log [v]/a = A' + log P 

^ ou la constante a = 0.72,® on pent tracer les diagrammes des (log [r/])/a en 
fonction du logarithme de la concentration en peroxyde. Au cas on il 
n’y a pas de transfert de chaine appreciable, Tequation (9) citee plus haut, 
permet de prfevoir une fonction lin^aire (fig. 4). 

En elFet, les coeffirjients angulaires des droites obtenues soiit respective- 
ment 6gaux a —0.52 en solution benz&iique et —0.48 pour la solution 
dans I’acetate d’isopropenyle. Le degr6 de polymerisation du polystyrene, 
de mSme que la vitesse de polymerisation, varient en fonction de la racine 
carree de la concentration en peroxyde de benzoyle; le transfert de clmine 
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Fig. 4. Variations dc la vitesse de 
pcdymerisation el dii degre de poly¬ 
merisation en fonction de la concen¬ 
tration en initiateur. Diagramme 
superieur: en 8oluti<m benzenique; 
diagramme inferieur: en solution 
dans I’acetate dMsopropenyle. T°: 
75°C. 



sur solvanl rsl doiu* neglif?eable. Ces phenorneiies sont lies a la stabilite des 
radi(‘aux styr^ni(|ues terniinanl uno chaiiio (‘ii (‘roissaiire, (d a la reactivile 
dos molecules de styrene monomerc. 


PARTIE EXPERIMENTALE 
1. Preparation dc I’acetate d’isopropenylc 

Ij’acetate d'isopropenyle a ete prepare par deux metliodes diilereutes. 
Dans le premier proc6de^ il resulte de la condensation de Taeide acetique 
etdu propine. Jje propiiie a ete obtenu par la metliodc de Lebeau-Picon: 
Tiodure ou le sulfate d(' methyle, rcagil a — 60°C. sur une solution d’acety- 
lone monosodc dans rammoniaqiie li(juide.^^’'^’ l/appareillage utilise est 
('elui decrit par Tcbao Yin Lai.^^ 

L’addition du propine a I’acide aceti(|ue s’elb'ctue en presence de 1% 
d\)\yd(5 mercurique et de 5% de complexe acetkpie du iluorurc de bore. 
Le rendeTiieiit de retie mctliode est faible, environ 20%. 

La s(H'ondc melhode consiste dans raetion du ceten(‘ sur I’acetone en 
presenrt' d’aeide suiruri(fue ^ (‘lie pcTinet d’oblenir rapidement des quanti¬ 
les imporlantes de monomeqe av(‘r un rendemenl meilleur. Le cetene est 
(‘ondensc av(H‘. I’acetoiK* (‘ii presence de 1.2% d'acide sulfurique^^; la solu¬ 
tion est mainteiine \(‘rs 55 56°(]. Le contact ceteue-ac'.etone est assure en 
introduisant le ceU'ne par un agitateur creux, muni d’un double joint a 
mercure. Le produit obtenu (‘sl soumis a la distillation; celle-ci fournit 
rapidement un produit pur aver un reiidement de 55% env iron. 

Les constantes physiques dc Tacetate d’isopropenyle sont: 

Eb. 97°2-97°4 C sous 757 inm. RMn (calc.): 26.47 
04 = 0.92123 nf?: 1.4010 /?Md (trouv^): 26.39 

Analyses: ca/c. 59.96% C, 8.06% H; 59.87% C, 8..36% 11. 

2. Polymerisation de l’ac6tate d’isoprop^nyle 

Le monomere est purifi6, avant son emploi, par distillation dans une 
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atmosphere d’azote; les ampoules de polymerisaiiou sont 6galement soel- 
lees sous atmosphere d’azote. vitesse de polymerisation a ete d^ter- 
rninee par difference; le rnoiiomere, qui n’a pas r^agi, est entratne a la 
vapeur, et est dos^ par saponification alcaliiie dans le distillat. Cette 
methode de dosage est parfaiternent reproductible, mSme en pr&ence de 
poly mere et d’initiateur. La vitesse de disparition du peroxyde de benzoyle 
est suivie par titrage iodometrique en solution neutre, aprfes addition d’- 
iodure de potassium. En effectuant le titrage en solution neutre, la 
methode est parfaiternent reproductible; en milieu acide, par contre, les 
rea(*tions secondaires de I’acetate d’isopropenyle empcehent son emploi, 
et la rendent inutilisable. Le mode operatoire est le suivant. 

DilucT It* conti'iiii des ainpoult's par de raeeioiie et additioiiner uii exetV d’iodurt* de 
potassium a 50%. Aj^iler cinq inimites. ajoiiter 20 cc. de benzene pour eviter la pre¬ 
cipitation du polyincre uu inoment de la dilution, et titrer Tiode libere par le thiosulfate 
sodique A^/20. Les polyineres destines a la cryoscopie out ^t6 dissous dans Tacetone, 
et precipit^s par un melange rnetbanol-eau. gel qui pr^'ipite est redissous dans 
Tac^tone; celle-ci est 6vaporee sous vide a une temperature iiiferieun* a 5.5“C. 


3. Copolymerisations 

Les copolymeres, obtenus au depart de chlorure de \inyle et d'acetate^ 
d’isopropenyle, sont precipitfe par addition de methanol, lls sont redissous 
dans I’acetone et repr^cipites a I’etat poudreux dans le methanol. Les 
dosages de chlore ont effectues rnicroanalytiquemenl par la methode 
de Carius. 

Les (‘opolymeres d’acetate de vinyle, et d’acetate d’isopropenyle sont 
isol^s en deversant le contenu des ampoules dans Tether de petrole (Eb. 
5()~70°C.). Le precipite visqueux est redissous dans Tacetone et s6che sous 
vide a une temperature inferieure a .35‘^C. Leur (composition a ete deter- 
minee par saponification alcaliiie, par ebullition en pr&ence de KOH 1\ 
duraiit trois heures et titrage en retour. 

Les copolymeres a base de methacrylate de inethyle et d’a(*6tate d’iso¬ 
propenyle ont ete egalement prec'ipites par Tether de petrole. Les copoly¬ 
meres sont redissous dans Tacetone et prec ipites par un melange de ineth- 
anol-eau. On h^s sMie a poids (constant. Leur analyse a et^. egalement faite 
par saponification alcaline en preseiu'c de potasse alcoolique. Dans c,es 
conditums les chatnons methacrylate de rnethyle ne sont pas saponifiables, 
contrairernent a ceux de Ta(*etate d’isopropenyle. I g. de copolynnNre est 
dissous dans 30 (cc. d’a(’etone, et additionne de JO cc. KOI! alcooli(|ue. 
Apres ebullition de trois heures, et addition de 25 cc. de benzene on titre 
Tex(ce8 de KOII; un essai temoin donne par difference la quantite utilis6e. 

Les polystyrenes, obtenus soit en solution benzenique, soit en solution 
dans Tac6tate d’isopropenyle, sont precipites a Talcool methylique, redis¬ 
sous dans la butanone et repr&cipites par le methanol. Les determinations 
osmometriques ont ete realisees dans des micToosmometres de Zimm^^; les 
mesures ont ete effectuees en solution a('etonique on en solution dans he 
dioxane h 25®C. 
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Resume 

En presence de peroxyde de benzoyle, Facctale d’isopropenyle polymerise de la tn^me 
fagon que I’acetate d'allyle. Son comportement lors de la copolyrn^risation avec P" 
acetate de vinyle, le chlorure de,vinyle et le methacrylate de inethyle inontre que ce 
rnonoin^re poss^dc une r6activit6 g6n6rale semblable k celle de Pac^tate de vinyle. Le 
caru(;t^re negatif de la double soudure est plus prononce (*-0.8). Ces copolyiiierisalions 
sont caracterisees par un important transfer! de chaine, dO A la presence de Pacetate d’¬ 
isopropenyle. A Pegard du styrene, Pac6tate d’isopropenyle se cornporte comme un 
solvant; il n’y a ni co))olyinerisation, ni transfert de chaine. 

Zusammenfassung 

In Cegenwart von Benzoyl-peroxyd polyrnerisiert Lsopropenylazetat wie Allylazetat. 
Sein Verhalten wahrend der Copolymerisation init Vinylazetat, Vinylchlorid und 
Methyl-methacrylat zeigt, dass dieses Monomere ungefuhr die gleiche allgemeine Reak- 
tionsrahigkeit wie Vinylazetat besitzt: der negative Charakter der Doppelbindung ist 
stiirker ausgesprochen ( — 0.8). Eine crhebliche Ketteniibertragimg, die durch die 
Gegenwart von lsopropenylazetat bedingt ist, findet im Laufe dieser Copolymerisationen 
statt. Auf Styrol wirkt Isoprojicnylazetat als Lbsungsmittel; in diesem Falle findet 
weder Copolymerisation noch Ketteniibertragung statt. 

Regu February 20, 1949 
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Mechanical Behavior of Viscoelastic Substances* 

ROBERT SIPS,t Princeton University, Princeton, New Jersey 


I. INTRODUCTION 

III order to explain the properties of viscoelastic substances, the mechani¬ 
cal beha\ior of thesc^ substant'es is usually represented by mechanical 
models ^\hich are j^encrally made up of more or less complicated assem¬ 
blages of deformable units. These units, in turn, result of the formation of 
a spring, which represcmts the elastic properties of the element, and a dash- 
pot, which represents schematically the viscous properties of the element. 
The two constituents (spring and dashpot) can be assembled either in 
series or in parallel. 

The viscoelastic propcTties of the material under study can then be com¬ 
pared a(!curately with those of a system of deformable units of the type 
just described, {iss(»mbled in series, in parallel, or in a combination of the 
two ways.^ 

In particular, two of these (ombinations have been studied. In the 
tirst, called the Voigt model, all the deformable units are placed in series. 
If one then appli(‘s a forc^e to the two extremities of the chain of elements, 
each eh'inent obviously sustains the same force. 

If, on the contrary, all the elements are connected in parallel, one ob¬ 
tains a Maxwell model. If this model is given an arbitrary deformation, 
each element will sustain individually the same deformation. 

The \oigt model is generally used to represent the phenomenon of 
creep, and the Maxw(»ll model is particularly well adapted to the repre¬ 
sentation of relaxation plumomena. 

In the following, we have attempted to describe the behavior of linear, 
samples of v iscoelastii; substances under the inlluence of a variable axial 
force, using a Maxwell model as a fundamental model. We obtain a linear 
integral-diirerential equation which expresses in the most general way the 
relation between force and deformation and w Inch depends only on the 
relaxation function.^^*'* 

Considered from the purely macroscopic point of view, this fundamental 
(jquation is merely the general expression of the principle of linear super¬ 
position, and (M)uld JK*(^ordingly bo obtained without the use of any model 
whatever. 

* Contribution frprnFrick Chemical Laboratory, Priiuxjton University, Princeton, N.J, 

t Visiting Fellow at Princeton University, I9i7~l<>18. Present address: 361 Rue 
de M6rode, Brusvsels, Belgium. 
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By a simple integration by parts the fundamental equation can now be 
transformed into a linear integral equation (of the Volterra type) w th vari¬ 
able upper limit, where the unknown function is the relative elongation. 
In order to solve this integral equation, we have to introduce a resolvant 
function and this turns out to be the ordinary creep function. In this way 
we obtain a relation between tlie (*reep and relaxation functions which car) 
be put in a remarkably symmetrical form. 

We then show^ how all the other properties of the viscoelastic substances, 
like recovery or extension under ( onstant rate, can be (calculated, still using 
the relaxation as the only necessary experimental datum. It thus appears 
that, as far as small deformations are com'erned, that is, deformations for 
whiich the principle of linear deformation applies, the relaxation function 
provides a complete description of all the mechani(‘al properties of visco¬ 
elastic substances. We have even shown, going back to the Maxwell 
model, that the mean values of the elasticity and friction coi^fricients of the 
spring-dashpi^t elements can be cakculated when the n^laxation function is 
known. 

It is (|uite evident that the (‘reep function <*ould havt* b(‘en used just as 
w(dl, but, as has beoi shown in this laboratory, the n'laxation fuiu tion can 
be rneavsured with a rnu(’h higher degr(*e of accuracy and should therefore 
be used preferentially. 

The second part of the present paper is mainly (oiiceriaMl with practical 
methods for solving the integral equation. The last si^ tion gives a com¬ 
parison between the cahailated and experimentally measured valu(\s of the 
creep function for a sample of poly isobutylene whose relaxation function 
was known. It should be (^specially emphasized that the calculation of the 
creep function does not involve the use of a single adjustable ('onstant and 
is therefore a particularly stringent test of the validity of the whole theory. 

II. GENERAL EQUATIONS 

Let us consider first a simple deformable unit (consisting of a spring and 
daslipot in series. For ea(*h unit, the ndation bet,w(‘en the length / and the 
force / will have the foitn: 

dl/dt = {\/a) X (df/di) -f (l/v)f (1) 

where a is a ('oefTicient of elasticity and rj a coefliedent of viscosity. 

Now suppose / is a function of time I = /(/). The differential equation, 
being a linear eejuation of the first order, can be integrated immediately, 
giving: 

m = aM‘ dr +/oe-*‘ (2) 

with k = a/ri. The constant/o is tlie value of/(/) for I = 0. 

If at the beginning of the experiment tJie spring of the deformable ele¬ 
ment' is free of tension, we shall have /o = /(O) = 0, giving the simpler 
equation: 

m = ( 3 ) 
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Lei U8 now pass to the most general model, made up of an infinity of dif¬ 
ferent elements, all in parallel and each defined by a pair of constants a and 
k. To describe the model completely, we must introduce a distribution 
function such that: 

Ni{aM) da dk (4) 

is the number of elements with viscoelastic constants between a and a -f 
da, and k and k + dk. The total number of elements will then be given by: 

N = N,(a,k)dadk (5) 

The quantity 1(1) having by definition the same value for all the elements, 
we see immediately that the total force acting on the material will have the 
value: 

m = l\i(cnk)a dr] da dk (6) 

Let us now introduce an auxiliary function N(k), defined by: 

fo^aNi{a,k) da = N(k) (7) 

Equation (6) then becomes: 

m = M' l\r) dr fo- dk (8) 


III. RELAXATION 

We shall now examine what our general equation becomes when it is 
applied lo the study of relaxation phenomena. 

The usual experimental technique consists in taking a sample of the ma¬ 
terial under study, completely free of tensions, and extending it as rapidly 
as possible so that the length goes from the initial value Lo to the value Lo 
+ ALo in a very small time At. The sample is then kept at (‘onstant length 
Lo + ALo, and the decrease of tension is measured. 

We can always assume that during the short period of stretching the in¬ 
stantaneous length is a linear function of the time, so that l^etween t = 0 
and / = At we can put: 

/'(/) = ALo/At (9) 

For values of t greater than At, since the length is constant, /'(/) = 0. 
Equation (8) then becomes: 

m = (A/VAO dr dk (10) 

The interval At being by hypothesis extremely small, we can let At tend 
to zero in this formula, giving: 

Fit) = AUfr N{k)e~>‘* dk (11) 

If the deformation between / = 0 and I = Alia very rapid, it will be purely 
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elastic, and we shall have also, in the conventional notation of elasticity 
theory: 

AU = UFH))/aE ( 12 ) 

and consequently: F(0) = ALo<t{E/Lo) = ALoJl" I\{k) dk 

It then results that: ^ 0 " iVC^) dk = ffE/Lo (13) 

In the present work, we assume at all times that the deformations are suf¬ 
ficiently small so that the changes in cross-sectional area are negligible. 

From the preceding, it results finally that the relaxation of stress will 
be given by: 


F(l) 


AU fr /\(*^' dk _ AU 

u Vo-Mk)dk U 


- HD] 


(II) 


where ypit) is the* usual relaxation function, ('.onsecpiently, therefore: 


m = 


Xr 'V(fc)[l - e ^']dk 

Xr.Mk) dk 


( 15 ) 


Let us suppose now that at tini<‘ / = /i, we give a n(>w extension A/.i to 
our material, letting the length increase from Lo -|- ALo to ALo -f 

ALi in a very short time Al. During this interval w(* shall have as above: 

/'(/) = ALi Al 


We shall therefore have to u.se th«‘ following valu<‘s for /'(/) in ('(piation (tl): 


I'd) = AW A! 

I'd) = 0 

I'd) = AW A! 

I'd) =» 


0 < / < -1/ 

Al < I < It 
It < I < I, + Al 
It + Al < I 


and, if we stibse(|uently let Al —> 0, vv<‘ finally get, for I > It: 

Fd) = E ALo X°’ *■' dk -f E ALi ,/«" ’\{k)e ''' dk 

,J-'Lo dk ALt Xr Mk)e *<' '■> dk~ 

lu X'°-Mk) dk U 'XrMk)dk _ 

= (1 - HD) + (I - HI - /j))l (16) 

L />0 J 

This is confirmed by experiment. 

The same reasoning can be repeated for a third deformation taking 
• place at time 4, snd so on. We shall therefore have, in gcmeral, for values 
of 1 following the nth extension: 


Fd) ^ cE^j: ^1'" [I -tkd - I,)] (17) 

P = 0 '>0 ‘ 

Let, us return now to the general equation (8). Making use of (14), we see 
that it. can be written in the following form: 
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FH) = {aE/U)Xnr)[] ~ rl^it ~ r)] rfr (18) 

111 a irioro general way, if we allow the length of the sample to vary in a 
discontinuous way, we can write formula (18) as a Stieltjes integral in the 
following manner: 

F{f) = (ahJ/Lo) fo' [I ~ Hi - r)] dl{T) (18') 

We obtain in this way, supposing the relaxation function ^(/) to be 
know n, the most general relat ion b(‘tween the force acting on a linear sample 
and its length. 

If the prin(‘ipl<‘ of t in* lin(‘ar superposition of stresses, expressed by for¬ 
mula (16), is accepted as an experimental fact, the gemeral relation (18) can 
immc‘diately bt‘ obtained by passing to the limit, by considering the continu¬ 
ous deformation as the result of a large number of extremely small succes¬ 
sive* deformations, and by replacing the sum by an integral. 

IV. CREEP 

By applying to e([uation (18') the general formula for integration by 
parts of a Sti(‘ltjes integral, it becomes: 

h\l) = <rE[m - HrWQ - r) dr] (19) 

wh(*re X(/) is the* relati>e elongation, defined by: 

x(/) = m ~ uvu 

In this eejuation the inte^gral is an ordinary integral, but thefundionsX(/) 
and F{i) can be discontinuous. Equation (19), which can be written as: 

^(0 — — t) dr = F{f)/<TF ( 20 ) 

is an integral ecpiation with variable limits of the \ olterra type. The solu¬ 
tion of such an equation is given by: 

X(0 = + fo* - r) rfr] (21) 

wh(‘re the fuiu'tioii (p'{t — r) is the resolvant function. 

There t*xisls the following relation between the functions and 
which n'sults immediately from the general theory: 

^'(< - r) = rH -r) + j;' rU - ?)^'(« - r) (22) 

E(juatiori (21), being completely e<[uivalenl U) (19), can be used just as well 
as this latter eejuatiou for tlie description of the mechanical properties of 
viscoelastic substances. We shall apply it particularly in the following to 
the phenomenon of creep. 

We shall, however, first make a final modification of equation (21), 
transforming it- into a Stieltjes integral by means of an integration by 
parts. This gives us: 
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X(0 - (l/aE) S [1 + ~ r)] dF(r) (23) 

whidi is completely equivalent to (18'). In this equation, the function <p 
is defined in such a manner as to have ^(0) = 0. 

Let us now pass to the study of creep. In a typical experiment of this 
sort, a constant force F is suddenly applied to a linear sample of the visco¬ 
elastic substance. The initial length Lo undergoes first an instantaneous 
elastic extension, followed by a separate progressive extension. 

In the Stieltjes integral dF(t) will be zero everywhere, except, however, 
for I = 0, where dF(t) will be equal to F, Consequently; 

X(/) - (F/aE) [1 +^(0] (24) 

which shows that ^(/), which was introduced simply as a resolving func¬ 
tion, is actually the familiar creep function, which can be obtained experi¬ 
mentally without difficulty. 

It therefore follows from (23) that the creep function can be used equally 
as well as the relaxation function to describe the properties of vis(‘oelasti(t 
bodies. 

The important question, therefore, is to find the relation which exists 
between the creep and relaxation functions \p{l) and ^(/). This relation is 
evidently given by equation (22). Putting r == 0 in the latter, we obtain; 

- fo'm - r)<p'{T) dr - ^'(/) (25) 

which shows that the function is itself a solution of a \ olterra e(|uation. 
But it is easily seen that this relation can ecfually well be written: 

^'(0 + <p'il - r)r{T) dr = ^'(0 (26) 

which shows that ^(/) being known, ^(/) (*an in turn be determined by solv¬ 
ing a Volterra integral equation. 

The preceding discussion shows the remarkable symmetry w hi(4i exists 
between the properties of the relaxation and creep functions. 

We shall return later in detail to the actual cah’ulation of the creep 
function w^hen the relaxation function is known. 

V. RECOVERY (RETRACTION) 

Let us suppose that the sample, after having undergone a sudden elonga¬ 
tion bringing the initial length Lo to Lq + ALq, and after having been 
maintained thereafter until a time T at the same length is suddenly re¬ 
leased. At time T, the tension will suddenly change from F{T) to zero. 
The length of the sample will undergo a sudden elastic decrease, followed 
by a slow change. We shall call the length immediately after the release of 
the external tension Lo + ALt, so that at time T the length will change in an 
infinitely short time from L + ALo to L + ALt* 

The general equation (18') will become in the present case, for values 
of / > T; 
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0 - ALo[l - m] - (ALo - ALt)[ 1 - rKl - 7^)1 + 

/r'/'(T)[l-^(/~r)]dr (27) 

In this equation, let us set I = T. It then becomes: 

ALo[l - HT)] = ALo - ALt (28) 

or, more simply, 

ALt = ALoHT) (29) 

If, therefore, one quickly stretches the sample and immediately releases 
it, we shall have T = 0 in the preceding equation, and as a result ALt = 0; 
i.e., there is no permanent deformation produced. If, on the contrary, 
one maintains the sample in the deformed state for a very long time, corre¬ 
sponding to T = 00 , there will be produced a permanent deformation 
equal to: 

AL« == A/>o^(oo) (30) 

If the material l aii relax completely, ^(oo) = 1, and AL = ALo. After 
release the material will thus retain (completely the deformation originally 
applied to it. 

The variation of the length of the sample as a function of time following 
tlie initial instantaneous elastic retraction is obtained by solving the fol¬ 
lowing integral equation, which is obtained by integrating (27) by parts, 
and putting, as above, 


/(/) - Lo 


= Mi) 




Ml) - St X(r)V''(/ ~ r) dr = (ALo/Lo)[^(/) - W - T)] ( 31 ) 


llie determination of the function X(/) reduces therefore to the solution of a 
Volterra integral ecpiation of the same type as that (considered previously, 
but with the difference, however, that the lower limit of the integral is no 
longer zero. 

This equation may be solv(?d in the following way. Let us put: 


/ = r + /, r = r + T, 


which amounts to (choosing a new origin for time, corresponding to the in¬ 
stant when the retra(ction begins. The integral equation then becomes: 


MT + ii) - MT + uWiU - rx) drx = 

(ALo/Lo)[^(T +/i) ^ ^(Wl (32) 

The equation nOw being reduced to the form (20) studied above, we can 
write directly the solution in the form corresponding to equation (21): 
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X(r + h) = {ALo/Lo)mT + /i) - ^(/i)] + 

(ALq/Lq) To*' IH'I' + ^i) "■ ““ 'Ti) rfri (33) 

and returning to the variables t and r: 

X(/) = (ALo/Lo)m - - T) + [^(r) - 

^(r - 7^)]^'(/ -- r) dr] (34) 

We obtain in this way an explicit form for the value of X(/). One can de¬ 
termine in a completely analogous manner, by using (23) in place of (18') 
the retraction which takes place when a creep experiment is suddenly in¬ 
terrupted by removal of the applied load. 

VI. EXTENSION AT CONSTANT RATE 

Another case of interest is the type of experiment in which the length of 
the sample increases at a constant rate. Jn this case, the elongation is 
proportional to time, and consequently: 

/'(/) = r = (constant (35) 

V therefore being the rate of extension. 

In the present case, equation (18) becomes: 

F{l) = (<rE/Lo)v [1 - Ht - r)] dr = (aKv/Lo)[t ~ dr] (36) 

which, on diflcrentiation, gives 

F\t) = {crEv/Lo)[] ~ m] (37) 

The time derivali\c of the tension at any given time value, in an experi¬ 
ment in w hich the sample is extended at constant speed, is therefore propor¬ 
tional to llie tension measured in a relaxation experiment, at the same time 
value. 

VII. EXPLICIT SOLUTION OF THE INTEGRAL EQUATION (25) 

It is seen from the prec(*ding sections that once the relaxation function 
is known, and limiting ourselves to the domain of deformations in which 
for(‘>e and deformation are strictly proportional, we can deduce by simple 
calculation the majority of the other mechanical properties of viscoelastic 
substances which are of particular interest. 

The other rnechanic’al property of most interest here is creep. Many 
authors have sought a relation between (Teep and relaxation, but it appears 
that up to the present time there has never been published a deduction of 
the creep function from an experimental relaxation curve which has been 
given experimental verification. 

As we have seen above, the derivation of the creep function from the 
relaxation function requires the solution of the following integral eciuation 
[denoted previously as (25) ]: 
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^'(0 ~ f,' nt - rWir) dr = ^{1) (38) 

It is possible to obtain a completely general solution of this equation, either 
in the form of an infinite series, or in the form of a definite integral. 

Since the integral equation is of the type studied by Volterra, it can al¬ 
ways be solved by successive approximations in the following form: 

^'(0 = ^'(0 + Sq - t)^'(t) dr + 

^'(/ — r) ^'(r — ri)^'(ri) dri dr + ... (39) 

the series so formed being always convergent for finite values of L 
Another form of the general solution is obtained by applying the Laplace 
transformation to both sides of the equation. If we put: 

L(/) = e-^y{s) ds (40) 

it is seen that (38) can be written in the following form: 

L(^') ~ IW)U<P^) = IW) (4J) 

from whence: 

L(^') = ~ UV)) (42) 

and the problem nuluces to the inversion of a Laplace transform to obtain 
V?' from 

For practical purposes, liow ever, the two prec eding methods can be used 
onlv for certain very special forms of the func tion ^'(/). 

Let us note, Ihtc, tliat if ^'(/) is the fuiudion corresponding to ^'(/), 
(‘(juation (38) indicates that the function (‘orresponding to will 

he 

Let us now pass on to tlu^ general forms of ^(/) which t*an be used to 
represent the experimental values of the relaxation function in all cases. 

The* funi'tion b(‘ing ecfual to zero for / = 0, and tending asymptoti¬ 
cally to a well-defin(‘d limit i/^(oo) for / —> oo, it is always possible to repre¬ 
sent i//(/), to an adecpiale a})pro\imation, by a series of the form: 

m = -4i(l - <•-"■') + .4.,(I - f-"’') + ... + 4„(l - (-13) 

where the .Us and the X's are positive constants. 

It then Adlows that: 


\p{oo) = 4 i + + ... + (- 14 ) 

If the substance can relax completely, we shall e\ ideiilly have: 

^(oo) = Ai + .4-2 + ... + Aj, = 1 (45) 

The corresponding form of is: 

• rU) = .4iX,<»-"■' + ... + (-46) 

By applying the Laplac^e transformation, we obtain: 
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m') = 


. ^nA|i 

< + Xj / + Xa 


and consequently, substituting (47) in equation (42): 


U,p’) 


>llXl ^«Xa ~l / r, _ 

.1 + Xi t X«J/ L ^ + Xj 


(47) 


■' ^aXa 

/ + X 


I. 


(48) 


If we multiply the numerator and denominator of this fraction by the 
product 

(< + Xi) ... (/ + K) 

L(ip') becomes = the quotient of a polynomial of degree (n — 1) in / di¬ 
vided by a polynomial of degree n, so that we can write it in the following 
form: 


Li<p') 


^ + Ml 


Bn 

t + iXn 


m 


where the B’s and the m’s are new constants. The constants m» being the 
roots of the denominator, are determined by the identity: 



^iXi 

/ + Xi 




« + m) ... « + (50) 


t.e., the algebraic equation of degree n: 


( 


yliXi 
^ + Xi 


+ Xi) ... (^ + X„) = 0 

‘ “r 


possesses n roots equal to 


(51) 


— Ml* ~'M2, • . .* —Mn 


Let us now consider the expression: 


Ht) - 


+ + A’d.i. 

l + M t + K 


(52) 


When t varies from — oo to + », 4>(/) passes n times from — » to + » , 
since we suppose the /I’s to be positive. The curve y = ^(/) possesses n 
vertical asymptotes, and between two successive asymptotes y varies from 
— 00 to 4" ^ • 1 or 


/ > ~X« 

y decreases from +«» to 0. The straight line y = I therefore intersects 
the curve in n real points; consequently the algebraic equation (51) will 
have all n of its roots real and positive. In addition, we see that: 


Ml < X] < g2 < X2 < ... < M» < x« 
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Once the n'a are known, the B’s can be obtained in the following manner: 

We have identically, equating the two expressions for L(<p') and multi¬ 
plying both sides by (/ -|- /n): 


.V + 


+ ... + 


t + K 



1 - 


< + x, 


t + K 


Bi 


+ ... + 


i + Mn 



+ W) 


Let I —» —Ml ifi the two sides of this equation. The left side will tend to¬ 
ward the limit. 


.4iXi ^bXb _1 / . ^iXi 4- — 

.Xi — Ml x„ — MiJ/ (Xi — Ml)* (Xb — Ml)* 



_^Ai _ 

(j^Mi)* 


+ ... + 


^.X„ ~] 

(Xb - Ml)*J 


and consequently. 


B, = 1 


j j4iXi 

/ _(Xi — Ml)* 


+ ... + 


.^bXb 

(Xb — Ml)*_ 


(53) 


The values of Bi, Bj, ... B„ can be obtained in the same manner and it is 
easy to see, in addition, that the B’s will all be positive. 

The value of L(^') once obtained, we shall immediately deduce that: 

= Ae*"'' + ... + B„e-'‘’‘' (54) 


and then the creep function <p is obtained by integration. 

<p{i) = (Bi/mi)(1 - + ... + (55) 

llie problem is therefore completely solved. 

One particular case is interesting. Let us suppose that the viscoelastic 
substance used is capable of relaxing completely, which is expressed by the 
relation: 


^(OO) = .1, +.42+ ... = 1 (56) 

One sees from tliis that, in this case, equation (51) possesses a zero root, 
/.e., m = 0. The first term of ^'(/) will therefore be a constant Bi, and the 
expression for </? will contain a linear term Bit, The function ^ therefore 
increases indefinitely; that is to say, under the influence of a (constant 
force the material will stretch indefinitely. 

This clearly applies only to the domain of deformations sufficiently 
small for the principle of linear superposition to apply. Outside of this 
domain, the sample undergoes a (contraction in cross-sectional area which 
is not negligible and will finally break in any actual experiment. 

The most difficult part of the problem of predicting the creep function 
will be, in general, the construction of a function of the form (43) which 
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represents with sufficient precision the experimental relaxation function. 
If this can be achieved the remainder of the work required presents only 
minor diffi(ailties. An approximate value of the quantities /x can be ob¬ 
tained in the following manner: 

In the immediate neighborhood of / = —X* the predominant part of 
^(0 is clearly + XJ. It then results that for —\k-hi < t < \k 

4>(/) will be very (*losely e([ual to: 




^ A-Xjt 

f + X;(. 


and consequently, an approximate value for ““Mah- i 
second degree e([uation, corresponding to 4>(/) == I, 


(/ + X,+i)(/ + X,) - 1 a+,X, 4 ,(/ + X,) ~ A,Mi + X,+,) = 0 ( 57 ) 

lying between —X;^ and —Once this approximate value is known, 
the exact value can be obtained without difficulty using Newton’s nniJiod. 
An approximate value for the final root gi may be obtained simply by 
setting: 


(Aih)/i( + Xi) = 1 


(58) 


As we have said above, the principal difficulty in using tiu* preceding 
method is the representation for 0 g / g oo of ||)e function ^'(/) by a 
Dirichlet series: 


ni) = m 

There exists no practical method for the solution of this problem. Con¬ 
sequently, we are going to consid(T some other methods of solution of the 
integral equation (25). Let us note at the outset that it is not absolutely 
necessary to find an empirical (‘xpression for ^(/) \\hich n'prestmts this 
function for all values of/. The integral equation shows, actually, that if 
we can devise an empirical representation of the relaxation function ^(/) 
valid for example for 0 ^ ^ T, and for wiiich it is possible to sohe this 

integral equation, the solution obtained will represent the function ip{f} in 
tlie samt? domain, 0 ^ ^ T, of values of/. 

Under these coiKlitions the simplest method of represeLitation which 
suggests itself is to utilize a polynomial in /. Jt will always l)e possible, 
for values of t between certain limits, to determine constants C such that: 


m = (hi + C2/2 + . . . + Cjn 

In this case, the definite integral contained in equation (25) reduces to a 
sum of terms of the form : 


Jl\t — dr 

But it is known that: 


~ r)V(r) dr = T{k + 1)^(/) 


( 61 ) 
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SO that, by differentiating the integral equation n + 1 times, we obtain a 
linear differential equation of (n + l)th order, with constant coefficients. 
Putting / = 0 in the integral equation and its first n derivatives, we obtain 
a system of n + 1 linear equations which will give us the values of <p and its 
first n derivatives for t = 0. 

The problem will thus be redn(‘ed to the solution of a linear differential 
equation of order n + 1 with constant coefficients, knowing the initial 
values of the function and of its first n derivatives. 

We can, however, obtain the solution in a more elegant way, by using 
the LaplacH^ transformation again. We have, in the case under considera¬ 
tion: 

m = Cl/ + C 2/2 + .. . + C„i- (62) 

= Cl + 2 C 2 / + ... (63) 




Cir(2) ^ C2r(3) ^ ^ Cj\n + 1) 

-y- + -j,- +... + - --- - 


(64) 


TJierefore, substituting in (42): 

L(<P'} = 

c,r( 2 ) C „r(n + 1)~ 

L(<p} is the (|uotion( of a j)()lynoniial in t of degree (ti — 1), by a polynomial 
in / of degree n. We can tlierefore determine eonslants Di, . .. })„, oi, 
in such a way as to have identically: 


1 - 


91^ 

t 


C.Tjn + 1 ) 
i" 


(65) 


/4^') 


Ih 


+ ... + 


IK 


/ + «j / + «„ 

The «’s will be the roots of lh<‘ ecpiation: 

I" - cr ' - 2r,/« * - ... - n!(:„ = o 


( 66 ) 


(67) 


with their signs changed. 

There is no reason, u priori, that the roots should Ije positive, or even 
real. 

Once the quantities o are known, we can dedu(;<‘ from this the following 
\alue for Di : 


D, = 1 


-( — 


Of]) 2 


+ 


CnTjn + 2) ~ 
(-m)"-*‘ . 


( 68 ) 


and the corresponding values for IK, ... D„. 


If L(,tp') is put in the form (66), it obviously results that: 

<p' = + ... + 

^ ^ (1 _ e—') + ... + ^ (1 _ 

«1 «n 


(69) 

(70) 
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With the present method, the determination of the constants 6\, .. Cn 

offers hardly any difficulty. The most exacting numerical operation will 
be the solution of an algebraic equation of nth degree, arid once the quan¬ 
tities a are known, the calculation of the quantities Du and then of 

ip{t) itself, may be effected immediately. 

Our second method is therefore more simple to use, but will not in general 
be applicable for all v alues of /. 

The problem can equally well be solved in a nearly analogous way, in 
the case where the func^tion ^(/) can be put in the following form: 

m = Ae-^''{ao +«,/+... + «»<") + 

+ 8it + ... +8nn + ■.. (71) 

which is, in a way, a generalization and a combination of the two forms of 
representation used above. It is, in addition, easy to see that the possi¬ 
bility of solution of the integral equation (25) in the thrt^e preceding cases, 
results simply from the fact that this integral equation can be n^duced to a 
linear differential e(}uati()n with (‘onstant coeffuients. 

We shall now, in (‘oncliision, (‘onsider a different case in whi(‘h the prob¬ 
lem will no longer r('duce to a differential e(]uation. Let us suppose, first, 
that for 0 g g 7, we have: 


m = ^ 4 /"' ( 72 ) 

where m is any positive number. The integral eipialion can be solved by 
successive approximations, and we find: 




+ 


r( 2 w) 


+ ... 


(73) 


and in turn: 


V>(0 = Af" + - ^ - F” 

r( 2 m + 1) 


. IT’ w + l) , 

+ -— - - F" + 

r(3 m + I) 


(74) 


which can be written, substituliii}; .r = .lr(m + I)/™: 

.pit) = E„ix) - 1 (75) 

where: 


B„(.r) = 1 + 


+ 


r(m + J) r(2m + 1) 


+ 


(76) 


is the Mittag-LeHIer function. 

We can obtain the solution of the integral equation with equal ease in 
the case where ^(/) has the following form: 

i(0 = kit” + + ... + 


(77) 
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Let US consider first the case where: 


li 

(78) 

Then: 


T/,>\ A 

L(\l/) = mA 

(79) 

and: 


II 

1-1 

3 

'a ^ 

3, 

1_^ 

1-1 

h-1 

1 

3 

a 

? 

1 1 

(80) 

From this it follows that if we introduce a new constant y 

= AT{m + 1): 

L[mI'"“‘E^(7<'")] = l/(<" — y) 

(81) 

Now let us return to the general case (77). Here: 


= mjfe,r-» -h ... + nm/fe.r—i 

(82) 

and: 


r/./x L r(m) . , r(nm) 

L(i') -mk, + ... + nmK 

N 

00 

>—✓ 


Consequently: 
Up') = 

r(m) . 


r I, 


I • • • I' TVftxk^ 


r(/im)"j / rnkil 
^ V 


nmknV{nm) 


L(v?') is therefore equal to the quotient of a polynomial of degree n — 1 in 
by a polynomial of degree n in <”*. We can therefore, proceeding in ex¬ 
actly the same way as previously, vnrite L(^') in the form: 

+ ... + (85) 

/”• - 7 , i” - 7 , 

from which, as a result of (81): 

v’{t) = Kimt”-^EUyin + ... + KM”-^EUynn ( 86 ) 

And finally, by integration: 

v{{) = Ki[E”{yin - 1] + ... + K,[E”‘{yJ”) - 1] (87) 

In the case where m = 1, one obviously obtains the results obtained pre¬ 
viously. 

In conclusion, we note that the methods used above can equally well be 
applied to find the relaxation function, if the creep function is knoMm. 
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Vlll. MEAN VALUES OF a AND rj 

We liave seen above that all the ine(^liani(;al properties of viscoelastic 
solids can be interpreted by considering the material as a collection of Max¬ 
well elements each characterized by two constants a and rj, or a and k. 

It is therefore of interest to (calculate the mean values of these two 
quantities, which are probably the physical constants characteristics of the 
substance studied. 

The mean values will be defined in the following manner. 

frM^ctN,{k,a)dkda fo-fo-aNi(k,cx)dkda 
""" frM^N,(k,a)dkda N 

M^M^{a/k)Ni{k,a) dk da 

Vm = ' -TT- 


In the two cases, the integration with respect to a can be carried out im- 
iru'diately, and one obtains: 

A'a™ = f Mk) dk = £ -£ dk 

We have seen previously that: 

dk = crE/U 

and (^onscMpiently: 

a fn ~~ (TE f Lq 

To calculate rj,„, !(*[ us note that: 

1 - m = 0.'^<xJX’°^{k)e ^‘dk 


so that: 




i\0Cfff %J 0 


Y - dk = 
k a„ 


Kiiowled{?e of the relaxation ftinetion therefore permits the easx eale.ii- 
latiori of tlic value of the tneati frietion eoedieient 7j,„. 

The cocdk'ic'iil ri„, can be obtained »H|nally wc'll experimentally in the 
following manner. J.,et us consider again the Maxwell model and suppose 
that it is subjected to the action of a constant force, as in the eas«! of creep 
experittients. If the model does not eontaiti a spring without a dashpot, 
and thensfore if the substance is capable of complete relaxation, after a 
suflieiently long time all the springs will have ae<|uired a c onstant deforma¬ 
tion, and eonsocpiently a constant tension, and the deformation of the sys¬ 
tem will be determined uniquely by the viscous frieticm of the dashpots. 

, For each element, one will therefore have: 


d/ ^ 1 dl a dl 

di t)' ^ dt k dt 
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By multiplying by !\\(aik) da dk and integrating as before, this becomes: 


F 



— Ni{a,k) da dk 
k 


dl Njk) 
dt Jd k 


dk 


which can be written: 

dl F 

h - or nm - 

Since the quantities F and dl/dt can be obtained experimentally, it is 
seen that one must always have: 

This relation can be obtained in still another way. We have seen that 
when the relaxation function ^(/) can be put in the form: 

m = .4,(1 - e-"") + ... + A„{[ ~ e-V) 

and that: 

\l/{co) = ,4j -f- ... -j- 4^ = 1 

oik; of the roots /x is zero, and the crcM^p function contains a linear term, so 
that: 

ipil) = B^l + ~ e-"'') + ... 

All IIk» constants nre positive, so that after a sufficiently long time, 

ip(t) = Bd + {B2 + . . . + Bn) 

The coefficient B\ is (;asily calculated. In fad, according to (53), one 
has (with == 0)- 

ji ^ _L__ „i_ 

Xi x„ 

The creep functi(3n reduces, therefore, after a suffi(‘iently long time, to a 
liiu*ar function whose* angular coefficient (‘an be calculated when the relaxa¬ 
tion function is known. This could be v(*rified (Experimentally. 

The length of th(* sample, in the case of a ('ivep experiment, after a suf- 
fi(*iently long time*, and in t he (‘ase of a material capable of complete relaxa¬ 
tion, will theiTfore have the following form: 

(/ Lo)/Lq == (I^/E(t){A + Bd) 

where the coeffic ient Bi has the value given above, and .4 is a constant. 

It is unfortunately not possible, for the practic'al ((Effective) ('alculatioTi 
of Bi to use the empiri(‘al formula: 

1 - m = A log [(/ + «)/(/ + 6)1 
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which gives an infinite integral between 0 and «. The calculation of the 
integral will probably have to be done numerically. 

It is easily verified from the preceding that when the substance cannot 
relax completely, the coefficient rim is infinite. This evidently arises from 
the fact that the integral: 

f,- [i\{k)/k]dk 

is infinite if A'(()), and therefore also Ni{a, 0) is not zero. 


IX. EXPERIMENTAL VERIFICATION 


To coru^lude the present work, we shall now apply the theory given above 
to an actual experimental case, i.e., the relaxation of stress and creep of 
(;olyisobutylene. 

The relaxation and creep data which are used here are some preliminary 
(’ata obtained by R. D. Andrews and N. Hofrnann-Bang in this laboratory 
on a sample of polyisobutylene of viscosity-average molecular weight (Mp) 
1,480,000. Relaxation of stress was measured using a flat ring sample on a 
beam balance type relaxation apparatus; the method has been described 
in the literature.^ Creep was measured on strips of polymer (approximate 
dimensions: Vie in. wide, 0.090 in. thick, 5 in. long) cut from the same 
sheet as the relaxation sample. The strips were held at the ends by bar 
clamps. Suitable weights were suspended from the lower clamps and the 
change of length followed with a cathetometer. 

The experimental relaxation data for this polymer can be fitted over the 
complete time interval of the experiment by the following empirical equa¬ 
tion (/ in hours): 


F{t) « 9.19 log 


^ t + 7.42 \ 
f + 0.00061/ 


This corresponds to the relaxation function: 

Hi) = 1 - 0.256 log ( ^ ) 

^ \/ + 0.00061/ 

The accuracy of fit is seen from Figure 1, which shows experimental stress 
values as circles and a solid curve corresponding to the above empirical 
equation. 

Unfortunately, it does not seem possible to solve the integral equation 
(24) exactly for this form of ^(/). For the time range: 

0.003 hour ^ ^ 1 hour 

hpwever, we can write with small error (less than 1%): 

rP{i) = 0 . 765 /''*’ 
corresponding to equation (72). 
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Using this latter empirical expression for ^(/) and substituting A = 0.765 
and m = 0.167 in equation (74), the following values are obtained for the 
creep function ^(/). 


< ^(i) t _ 

0. 0 0 200. 1.346 

0.025. 0.688 0.500. 1.955 

0.050 . 0 842 1 000. 2.804 

0 100 . 1.052 


These values are represented in Figure 2. 



t, k»ur 



Figure 1 Figure 2 

We have compared the values formed in this way with those obtained 
directly, at the same temperature, on a sample of the same polymer. If 
/(/) is the lengtli of the sample subjec^ted to the action of a constant force, 
we shall have, as we have seen before: 

/w ~ ^ 

III a particular experiment, tlie weight suspended to the sample was 
20.56 g., while the sample itself weighed 2.48 g. Consequently, we have a . 
value of F ecjual to: 

20.56 + 'A 2.48 = 21.80 g. 

The factor Va results from the fact, which can Im* proved easily, that the 
total extension of a linear sample due to its own weight is ecjual to that 
caused by a concentrated weight, equal to half the total weight of the 
sample, applied to its free end. 

To obtain the value of the constant F/Ea, we have used the experiini'iital 
point <p{l) = 0.568 for t = I hour, from which: 

F/Ka = 0.0568/.'1.804 = 0.0149 

The results of the calculation are as follows: 
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/(/) 


/, hours 

V/(0) /erptl. 

0.0149 [1 + ^(01 

0.036 

0 0256 

0 0149 X 1 760 

sr 

0.0262 

0.069 

0 0296 

1.940 


0 0289 

0 13« 

0 0320 

2 190 


0.0326 

0.202 

0 0336 

2 310 

= 

0 0350 

0.25t 

0 0352 

2 16 

3S 

0.0366 

0 317 

0 0100 

2 66 

= 

0 0396 

0 460 

0 0132 

2 88 

= 

0.0132 

0.634 

0 0180 

3 19 

= 

0 0175 

0 807 

0 0528 

3 18 

= 

0.0519 

1 000 

0 0568 

3 801 

sss 

0 0568 

1 270 

0 0632 

4.21 

=s: 

0 0632 


In this table, I he values of <p(l) were obtained by interpolation from 
Figure 2. It is immediately apparent that the agreement between theory 
and expc'rinient is remarkably satisfactory. The maximum error hardly 
exceeds 1%, w hich is of the order of magnitude of the error involved in using 
the approximate einpiri(‘jil formula (72) in place of the exact value. 

We have, in addition, conipan^d with the theoretical values the results 
of other creep (‘xperiments carried out on samples of the same form and the 
same materijil at tlu* saim* t('mperature, but with different appli(‘d wcMghts. 
The results are shown in Figure 3. Curves I, II, III an* th(M)r(‘tical curves 



Fija;ure 3 


coiTespoiiditifj to woifjlils of 20.56 (weif'hl of the samph* itself is 2.48 g.), 
10.88 g. (sample weiglil is 2.56 g.) and 10.82 g. (sample weight is 2.54 g.). 
Curves I. I[, III represent, resp(!etively, the ccpiations: 

I 0.011011 + v(,(/)] 

If 0.0079[l + v(/)] 

III 0.0288[l + v>(/)] 

■ The nuineric^al co<!fIieients in these equations were determined in the fol¬ 
lowing manner: 


0.0079 = 0.0119 X 


10.32 + 0.5 X 2.54 
20.56 -H 0.5 X 2.48 
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0.0288 = 0.0149 


^ 40.88 + 0.5 X 2.56 
^ 20.56 + 0.5 X 2.48 


On the same graph we have also shown the experimental points. The 
agreement is generally very good, except for the very small deformations, 
where experimental error is significant. 

On the other liand, it can be seen also that as soon as the relative eloiiga- 
tioiJ exceeds about 6%, the deformations are no longer proportional to the 
applied loads, and th(‘ preceding theory ceases to be applicable. 

"I’Ik* Muttior is ^ratHul to Piolossor A. V . Totiolsky Tor suggesting tlie f)resent problem 
and for many lielpful discussions, and also to Dr. It. D. A.iidrews for allowing us unre¬ 
stricted use of unpublished (‘xper imental data, us well as for helping to edit the manii- 
scrif»t. 
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Resume 

hji iitilisant un modele generalise de Maxwell, on, sinon, le principe do Boltzmann de 
superposition lineairt, I’aiite'ur obtient une relation generalc entie la force el la deform- 
atiem pour un 6<*hantillon d’une substance vis(*o-elasticpie. (^dte relation contient, 
cornme st‘ule donnee expeiiinentale, la fonction de relaxation. I tilisant cette fonction, il 
est possible de predire toutes h“~ projerietes usuelles, et particuliereinent retiroinent et 
la contraction. La relation eiitie retir<*menl et la relaxation pent 6tre exprimee par une 
(^pjalirai inleg*’^fi<‘ lineain* du I yf)e \ olterra. De nombreiises njethodes de resolution 
d(‘ cette etpiation sonl indicpiees, et rune d’elles a etc appli(pi(^e dans un cas ox|)cri- 
mental, celul du pol>isobut>leiu‘. Les \al(*urs calcule<‘s el obserxees sont en ac(H>rd 
reniar(pial h*. 


Zu8a 111 nieiifas8U ng 

Mil, IliUV des generalisierten Maxweirscheii Modells oder dt^s Boltzinann’schon 
Prinzipes liru*arer Superposition wild die Beziehung zwischen einer kraft und der Ver- 
formung einei linearen Probe eines n iskoelastis(‘ben Sttdfes abgeleitet. Diese Beziehung 
enlhiilt als die einzig(*n (‘xperinientellen Oaten die Krschlairungsfiinktion. Durch 
Anwendung dioser Beziehung wird es gezeigt, die alle gewiihnlichen kigenschaften, 
-besonders das Krieclicn und Biickfederungsveriniigiui xorausgesagt werden kdimen. 
Die Beziehung zwischen dern Kriecheii und der hbschlaffungsfunktion kann als cine 
lineare Integralgleicduing des Volterra Types ausgedriuikl werden. Ilinigo Ldsungs- 
methoden diescr (llei(*hung werden angefiihrt, und eine \on ihnen wird an eiuem \'er- 
suche an Polyisobutylen angowandt. Die berechni'ten und boobacht(*ten Werte der 
Krie(*hungsfunktion.stimmen bomerkenswert gut iiberein. 
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Nitrocellulose—Solvent Interaction 


W. K. MOORE, Physical Chemistry Laboratory, Department of Chemistry 
and Dyeing, Technical College, Bradford, England 


INTRC)I>l]CT10i\ 

Estimation of nitro(‘ellulosc-solvent interaction, by swelling in binary 
mixtures, by precipitation from solution, and from the viscosities of dilute 
solutions, suggests that, within a limited range of liquids, interaction is 
related lo the cohesive energy density of the solvent.^ Such a relationship 
is of soiiKi interest since it suggests that Gee’s cohesive energy density 
method‘s may be us(‘d to give an account of the interaction of nitrocellulose 
and solvent or swelling liquids, (xee’s method, however, applies only to 
cases of endothermic solution or swelling, while solutions of nitrocellulose 
are formed exoth(*rmally. Further, swelling and solution involve solva¬ 
tion,^-® nu)le(‘ules of solvent or swelling liquid being atta(‘hed to specific 
points on the polymer chains. Such a process must be included in any 
general account of the interaction of nitrocellulose and solvents. In this 
paper, the methods of estimation given above are applied to a wider range 
of solvcMits in homologous vseries. The absorption of solvent by nitrocellu¬ 
lose from solvent-hexane mixtures lias also been examined as a means of 
estimating the concentration of solvent in sw ollen pol\ rner and in the liquid 
in equilibrium with it. 


EXPERIMENTAL 
1. Materials Used 

A fibrous nitroct'llulose was UvS(‘d, from cotton linters, with a mean N 
content of 12.55%. Suc^h nitro(‘eltulos<‘ is not a homogeneous polymer but 
it is likely that the influence of chain length on swelling and solubility will 
be small (‘onipared with that of N content.^ The nitroc'ellulose was dried 
for at least 5 hours at 100° and for 7 days over sulfuric acid at room tem¬ 
perature. Swelling was studied in binary mixtures of solvents and hexane 
containing varying concentrations of solvent up to that at which solution 
occurred. Homologous series of alkyl methyl ketones, alkyl formates, 
ac'etates, butyrates, and dialkyl phthalates were used as solvents, all being 
dried over potassium carbonate and redistilled before use. Hexane, boiling 
range 67-69°, density 0.669 20°C/20°, aromatic hydrocarbons less than 
5%, was used as nonsolvent as it is know n to be absorbed only slightly by 
nitrocellulose.® Preliminary experiments showed it to have no measurable 
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swelling action. Other so-called iionsolvents, such as alcohols or aromatic 
hydrocarbons, may have solvent or swelling action under certain conditions 
and cannot be regarded as (complete norisolvents.®~^’ 

2. Estimation of Swelling 

0.2 g. of nitrocellulose >^as weighed into graduated well-stoppered glass 
tubes and 10 g. binary mixture added. The tubes were well shaken and 
tlierrnostated at 25°, being occasionally shaken during the next two hours 
and the fibers allowed to settle until a constant bulk volurnt^ was obtairu^d. 
Prelirninar> (experiments showed that equilibrium was attained during this 
period, attainment apparently occurring almost immediately in mixtures 
involving smaller solvents. The final bulk volume was noted and the 
gn^ater part of the supernatant liquid decantc^d and r(^s(U’V(*d. Tht* fibt'rs 
were shaken with the remaining liquid and examined mi(‘roscopi(*ally 
shape and nu'an diameter b(ang noted. Excess hexane was added to 2 ( c. 
of the previously reserved liquid, turbidity or a precipitate* indicating dis- 
solv^ed nitro(*elIulose. 

3. Estimation of ("omposition of Liquid anil Absorption of Solvent 

by Nitrocellulose 

TIh* composition of tlu* remaining liquid was (*stiinal(*d by a nu'thod de¬ 
pending on variation of dieh'ctric constant with composition. \ diagram 
of the apparatus is givcai in Figure 1 . It (*onsists of a valve oscillator in¬ 
corporating a (piartz cr\stal in the grid cin uit. M(‘asurem(‘nls of (‘apai’- 
ity were made in a small t(*st condens(*r Co, in which tin* mixture fornu'd the 



riji. 1. Dielectrir method for eHtiinatinn composition of 
liquid phase. 


■dielectric, in parallel with a variable condenser Ci. As the (Capacity of 
is increased the anode current falls (o a tninimuin and then, as the point, of 
resonance is passed, rises sharply. The sharp rise provided a reference 
point against which nieasurerrjents of (capacity change of Cj could be made, 
tliese being obtained as difference readings on the dial of Cj. The coil L was 
35 turns 26 gauge; D.C.C. (;oppcr wire on a 1 inch former. V was a P.X .4 
tube. The values of the other compmients were; Ci 21 ) nfiV, (^.3 O.l /iF, R 
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TABLE I 

SwKLLING AND AbSOHPTION IN SoLVENT-HeXANE MiXTUBES 




Mole 




Fiber 



Initial 

fraction 

Bulk 

Addition 




mole 

at 

volume. 

of hexane 


diam., 

Comments 

Compound 

fraction 

equilibrium 

cc 

to liquid 

N2 

mm. 

Hexane only 



0 9 



0.016 


Acetone 

0.1 

0.0963 

I 9 

No ppt. 

0.398 

0.025 

Swelling only 







radial 


0 2 

0 1924 

1 1 

No ppt. 

0 614 

0.036 

Axial contrac¬ 


0 3 

0.2904 

1.55 

No ppt. 

0.702 

0.052 

tion 


0 t 

0 3902 

1 8 

No ppt. 

0 748 


Very swollen 
masses 


0 5 

0 1895 

2 0 

\ery sJif^ht 

0 792 






ppt. 




0.6 


2 0 

Ppt. 





0 7 

Dissolved 






Ethyl methyl 







Swelling only 

ketone 

0 ] 

0.0966 

1 55 

.No ppt. 

0 379 

0 025 







radial 


0 2 

0 1917 

2 2 

No ppt. 

0 522 

(» 0.36 

Axial contrac¬ 


0 3 

0 2928 

1.55 

No ppt. 

0 619 

0 052 

tion 


0. t 

0 3901 

2.3 

V’^ery slifjht 

0 726 


Very swollen 





ppt. 



ma.sses 


0.5 

— 

2 55 

P[)t. 





0,6 

Dissolved 






Methyl n-pro- 







Swelling only 
radial 

pyl ketone 

0 1 

0 0973 

1 45 

No ppt. 

0 311 

0 024 


0 2 

0 1950 

1 9 

No ppt. 

0 136 

0 036 

Axial cont rac- 


0 3 

0 2963 

1 65 

No ppt. 

0 584 

0 052 

tion 


0 1 

0 3908 

2 5 

\ ery elif^ht 

0 705 


Very swollen 





ppt. 



masses 


0 5 

— 

6 6 

Heavy jipt. 





0.6 

DissoK ed 






n-Amyl iiieth>l 








ketone 

(1 1 

0 0978 

1 2 

No ppt. 

0 270 

0 023 

Radial swell¬ 


0 2 

0 1963 

I 3 

No ppt. 

0 400 

0 026 

ing only 


0.3 

0 2946 

2 5 

\ery slight 

0 515 


Very swollen 





pi)t. 



masses 


0.1 

Partially dissolved 




n-He\yl meth>l 








ketone 

0.1 

0 0985 

1 1 

Nt> ppt. 

0 196 

0 023 

Radial swell¬ 


0 2 

0.1970 

1 2 

No ppt. 

0 342 

0.025 

ing only 


0 3 

0 2955 

1 9 

\ ery slight 

0 136 

0.031 

Axial contrac¬ 





ppt. 



tion, break¬ 
ing 


0 t 

Partially di.ssoKed 




Methyl nonyl 








ketone 

0.1 

0.0987 

0 95 

No ppt. 

0 161 

0 017 

Some a little 


0 2 

0 1976 

1 0 

No ppt. 

0 285 


swollen 


0 3 

0 2964 

1.05 

No ppt. 

0 404 


radially 


0 1 

0 3947 

1 1 

Very slight 

0 495 


Some a little 





Slight ppt. 



swollen 


0 '5 

0 1930 

1 3 

0 592 


radially, 

others 

broken 



0 6 

Partially dissolved 
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5000 ohms. C 2 was made of two concentric thin glass tubes, sealed to¬ 
gether at one end. The inner tube, 10 mm. diameter, contained mercury 
to serve as one electrode. The outer tube was of 15 mm. diameter and 2 
cc. of binary mixture was placed in the space between the tubes. This 
liquid could be easily poured out and the space rinsed with hexane and dried 
between determinations. The two concentric tubes were centrally placed 
in a wider tube containing mercury which served as the other electrode. 
The whole apparatus was screened. For a series of binary mixtures involv¬ 
ing a particular solvent a calibration curve was first obtained by plotting 
readings of Ci against concentration of solvent. This curve was used to 
estimate clianges in composition following absorption of solvent by nitro¬ 
cellulose. Readings were quite reproducible and changes in composition 
representing 0.001 mole fraction of .solvent easily detected. The method is 
rapid compared with chemical methods of estimation. \ olatilization of 
components does not. occur during the time required for determination, as 
may be the case in methods involving change of refractive index. Further, 
the method is applicable to mixtures in which the refractive indices of com¬ 
ponents difier only slightly. The absorption of solvent by nitnxellulose 
was caU'ulated from the change in composition of mixture, assuming no 
absorption of iH'vane. Results are means of at least three determinations. 

4. Precipitation with Hexane 

The vohiiiK^ of hexane required to precipitate nitro('elliilos(* from solu¬ 
tion in different solvents was found by adding hexane to 5 c(‘. of ^ solu¬ 
tion at 25° until turbidity, not removed by shaking, just appisued. In 
some cases the end poirit was not very precise but consistent diff(‘re*n(‘es 
between different solvents were obtained. Tin* appearanct* of the solu¬ 
tions was also noted. 


5. Viscosity Determinations 

Viscosities, relative to the solvent, of solutions containing 0.05, O.l, and 
0.2 g. nitrocellulose in 100 cc. of solvent were determined in Ostwald vis¬ 
cometers at 25°, kinetic energy corrections bi*ing applied where applicable. 
In the case of phthalate solutions, rates of shear were such as to eliminate 
anomalous vis(!osity effects. With aliphatic solv(?nts, rates of shear with 
solutions involving the least viscous liquids were such as to possibly lead to 
somewhat lower viscositi(*s than would be obtained with very low rtites 
of shear. Because of the known initial fairly rapid decrease of viscosity 
.with tirne^^’^* all solutions were allowed to stand for 2 weeks befort* vis(iosi- 
ties were det(»rmined. The ratio of specific viscosity and (concentration, 
was plotted against concentration for ea(h solvent and the plots 
extrapolated to zero concentration to obtain the intrinsic viscosity [ 17 ]. 

RESULTS AND DISCUSSION 

Swelling and absorption nvsults are given in Tables I V, absorption of 
solvent being denot(*d bv '\ 2 , the molar (‘oiu’entration of solvent in the 
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TABLE II 

Swelling and Absorption in Formate-Hexane Mixtures 




Mole 

Bulk 






Initial 

fraction 

vol¬ 

Addition 


Fiber 



mole 

at 

ume. 

of hoxane 


diam., 

Comnieuts 

ForiiiHtH 

fraction 

e(]iiili))riuni 

IMi. 

to liquid 

Ni 

znm. 

Methyl 

0 1 

0 0070 

1.2 

No ppt. 

0.347 

0.022 

Swelling only 
radial 

0.2 

0.1933 

1 6 

No ppt. 

0 572 

0.025 


0.3 

0.2912 

2.3 

No ppt. 

0.678 

0.032 

Axial contrac¬ 


0 i 

0 3898 

1.1 

No ppt. 

0.757 

0.037 

tion 


0 5 

0.4894 

1 5 

No ppt. 

0.785 


Very swollen 


0 6 

0 5891 

1 8 

V’^ery slight 

0.857 


masses 





ppt. 





0 7 

0 6897 

1.5 

Slight ppt. 

0.887 


Aggregated 








in clumps 


0.8 

Dissolved 






Ethyl 

0.1 

0.0975 

1.2 

No ppt. 

0.325 

0 022 

Swelling only 

0 2 

0.1944 

1.35 

No ppt. 

0 .520 

0 021 

radial 


0.3 

0 2920 

1.9 

No ppt. 

0 656 

0 030 

Axial contrac¬ 


0 4 

0 3900 

1 7 

Very slight 

0.731 

0 046 

tion 





ppt. 





0.5 

0 4884 

1.95 

Slight ppt. 

0 779 


V^ery swollen 


0.6 

__ 

2.5 

Ppt. 



masses 


0.7 

Dissolved 






n-Propyl 

0.1 

0 0971 

1 2 

No ppt. 

0.323 

0 022 

Swelling only 

0.2 

0.1955 

1.3 

No ppt. 

0.463 

0.024 

radial 


0,3 

0.2923 

1.6 

No ppt. 
Sliglit ppt. 

0.623 

0.029 

Axial contrac¬ 


0 4 

0.3903 

2.8 

0 676 

0 036 

tion 


0.5 

Partially dissolved 




ri-But\l 

0.1 

0 2 

0 098 

0 1951 

1 15 

1 2 

No ppt. 

No ppt. 

0.249 

0.468 

0 022 
0.023 

Swelling only 
radial 


0 3 

0.2937 

1 3 

-No ppt. 

0..581 

0 025 


0 4 

0 3911 

4.1 

Slight ppt. 

0.670 

0.0.37 

Axial contrac¬ 







tion, some 
breaking 



0.5 

Dissolved 






/I-Amyl 

0.1 

0 098 

1.15 

No ppt. 

0.2.53 

0.022 

Swelling only 
radial 

0.2 

0 196 

1.2 

No ppt. 

0.428 

0.023 


0.3 

0.2912 

1.3 

No ppt. 

0.,562 

0.025 



0.4 

— 

1.8 

Heavy ppt. 

— 

0 030 

Axial contrac¬ 








tion, some 
breaking 


0.5 

Dissolved 







polymer phase. N 2 is based on the group Ce and is defined by 


N2 = Ar./(Ar, + N,) 

where TV, is the number of molecules of solvent absorbed by a number Ne 
of Ce groups. Concentrations in the liquid phase are given in mole frac¬ 
tions of solvent. Plots of N 2 against the equilibrium mole fraction of 
solvent in the liquid phase are given in Figures 2-6 for each homologous 
series of solvents. With the smaller solvents the plots suggest a tendency 
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TABLE nr 

Swelling and Absorption in Agkt\te-Hexane Mixtures 




Mole 

Bulk 







liiitiul 

fraotion 

vol¬ 

Addition of 



Fiber 



mole 

at 

ume. 

hexane to 



diam.. 


Ac«Uite 

Iractioii 

equilibriiiin 

ec. 

liquid 


Ns 

nim. 

ComnioniM 

Methyl 

0 1 

0 0964 

1 65 

No ppt. 

0 

392 

0 023 

Swelling only 


<1 2 

0 I9t3 

2 75 

No ppt. 

0 

532 

0 028 

rudial 


0 3 

0 2910 

1 33 

No ppt. 

0 

.688 

0 032 

Axial eontrao- 









tion 


0 1 

0 3903 

1 3 

Very slight 

0 

727 


V^ery swollen 





ppt. 




masses, ag- 


0 3 

0 1893 

0 9 

Slight ppt. 

0, 

779 


gregatt‘d in 


0 6 

-- 

1 1 

Ppt. 




ohnnp.s 


0 7 

I)iss<)l\«*(l 







Kill y I 

0 1 

0 0970 

1 13 

No ppt. 

0 

316 

0.023 

Swelling only 


0 2 

0 1911 

I 25 

No ppt. 

0 

326 

0 025 

radial 


0 3 

0.2912 

1 2 

No ppt. 

0 

649 

0 030 

Axial (‘ontrat!- 


0 t 

0 3900 

2 7 

\ ery slight 

0 

714 

0 030 

tion 





ppt. 






0 3 


5 8 

Ileav y ppt. 




\'ery swollen 









masses 


0 h 

DissoK (*(1 







n-Propyl 

0 1 

0 0971 

1 1 

No ppt. 

0 

292 

0 020 

Swtdiing <»nl> 


0 2 

0 1931 

1 23 

No ppt. 

0 

319 

0 021 

radial 


0 3 

0 2919 

2 0 

\ ery slight 

0 

637 

0 033 

\xial eontiae- 





pi>t. 




tion 


(1 1 


1 7 

Hens y ppt. 




\ tM*> swollen 









masses 


0 3 

Dissolved 







n-Hiil V1 

0 1 

0 098 

1 1 

No ppt. 

0 

226 

0 020 

Swelling only 


0 2 

0 1913 

1 13 

No ppt. 

0 

310 

0 023 

radial 


0 3 

0 2923 

2 23 

Slight ppt. 

0 

61 1 

0 029 

Sw(‘lling at 


points 
alon^ filmr. 



0 1 

Partiallv dissolved 






n-A\m \ 1 

0 1 

0 098 

1 0 

No ppt. 

0 

238 

0 

020 

Swelling ttrily 


0 2 

0 I9,j4 

1.03 

N<r ppt. 

0 

149 

0 

023 

radial 


0 3 

0 29.11 

1 65 

Slight ppt. 

0 

565 

0 

026 

vSvvelling ra- 










<lial, some 
breaking 


0 1 

- 

12 2 

Heavy ppt. 





\'<‘ry sw'ollen 


ruMssrs, 

hnNikifi*; 

0 .1 r)iss()Iv<*<l 


to a limiting value of absorption. Mixtures of sucli soKenls and liexane, 
however, are likely to exhibit deviations from ideal beliavior. At the 
higi)er solvent coneentrations the rate of change of activity with concentra¬ 
tion will probably be less than that for an ideal solution Absorption will 
depend on activity rather than concentration and the apparent tendency 
to a limiting value may be due to only small changes in activity at higher 
concentrations. As th(> size of the solvent is increased and its infernal 
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TABLE IV 

SWELUNG AND ABSOBl>'nON IN n-BUTYRATE-ElEXANE MIXTURES 




Mole 

Bulk 






Initial 

fraction 

vol¬ 

Addition of 


Fiber 



mole 

at 

ume. 

hexane to 


diam.. 

Cummcnta 

li-Hutyratc 

fraction 

equilibriuiu 

cc. 

liquid 

yv2 

mm. 

Methyl 

0.1 

0.2 

0.0972 

0.1936 

1 15 
1.3 

No f»pt. 

No ppt. 
Slight ppt. 

0.292 

0 537 

0 022 
0.024 

Swelling only 
radial 


0.3 

0.2908 

1.55 

0.660 

0.028 


0.4 

0 3899 

2.8 

Ppt. 

0 710 

0.037 

Axial contrac¬ 







tion 


0 3 

Piirtially dissolved 





0 () 

Di.s.solv(id 






J-;thyl 

0 1 

0 2 

0 0978 

0 19 to 

1 1 

1 3 

No ppt. 

No ppf. 

0 260 

0 498 

0 021 

0 023 

Swelling only 
radial 


0 3 

0 2913 

1 43 

Sliglit pf)t. 

0 632 

0 026 


0 1 

— 

2 2 

Heavy ppt. 


0 031 

Axial contrac¬ 







tion 


0 :> 

DisHulved 






/j-Propyl 

0 1 

0 0978 

1 1 

No ppt. 

0 241 

0 021 

Swelling only 

0 2 

0 1948 

1.2 

No ppt. 

0 473 

0.022 

radial 


0.3 

0 2919 

1 3 

No ppt. 

0 613 

0 024 

Radial swell¬ 


0 1 

0 3900 

1 75 

Ppt. 

0.682 

0 026 

ing, some 
breaking 


0 5 

Partially dissolved 





0.6 

Dissolved 






n-Butyl 

0 1 

0 098 

1 1 

Nf» ppt. 

0 264 

0 020 


0 2 

0 1939 

1 15 

xNo ppt. 

0 408 

0 021 

Swelling only 


0 3 

0 2937 

1 2 

No ppt. 
Slight ppt. 

0 535 

0 022 

radial 


0 4 

0 3924 

1 3 

0 599 

0 023 



0 3 

— 

1.55 

P|)t. 

— 

0.025 

Swelling ra- 


dial, break¬ 
ing 

0 6 Dissolved 


n-Af)i>l 

0 1 

0 098 

1 0 

No ppt. 

0 264 

() 019 


0 2 

0 1963 

1 1 

No ppt. 

0 372 

0 020 

Swelling only 


0 3 

0 4 

0 2932 

0 3939 

1 15 

1 2 

No ppt. 

No ppt. 

0 449 

0 543 

0 021 

0 022 

radial 


0 5 

0 4913 

1 4 

Slight ppt. 

0 643 

0 024 

Swelling ra¬ 


0 6 


2 35 

Heavy ppt. 


0 026 

dial, break¬ 
ing 


0.7 Partially dissolved 
0.8 Dissolved 


pressure becomes (*ioser to lliat of hexane, deviations from ideal behavior 
should become less and the plots exhibit less (uirvature. This is seen to be 
generally true. If sorption is carried out from the vapor phase plots of 
molecular absorption against activity of small solvents are not far removed 
from those anticipated for ideal solutions.^^ 

Figures 2-6 also show a steric effect. For a given concentration of 
solvent in the liquid phase absorption decreases, in each series of solvents, 
with increasing size of solvent. The effect is particularly marked with 
phthalates. Diethyl is readily absorbed, di-n-propyl and di-n-butyl pro¬ 
gressively less so, while di-n-amyl and di-n-hexyl are not absorbed in 
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TABLE V 

Swirling and Absohdtion in Phtiulath-Hkxane Mixtures 


Pliliialuto 


Di-;i-propyl 


Di-n-butyl 


Di-n-arnyl 


Di-n-hexyl 


Initial 

mole 

fraction 

Mole 

fraction 

at 

eanililiriuin 

Hulk 

vol¬ 

ume, 

cc. 

Addition of 
hexane Ui 
liquid 

N, 

Fiber 

diam., 

inm. 

CuiiiineiilH 

0 05 

0 1 

0 15 

0 018 

0 087 
0.130 

2 8 

2 8 
2.5 

No pf)l. 

No ppt. 

No ppt. 

0 513 
0.688 
0.716 

0 080 
0.0 to 

0.056 

Axial contrac¬ 
tion 

0 2 

0 25 

0 171 

0 2205 

2 55 

2 t 

No ppt. 

Very slight 
l)pt. 

0 767 
o.aii 


Very swollen 
masses 

(1 3 

0 33 

0 207 

2 0 

2 85 

Slight ppt. 
Ppt. 

0.827 


\ cry swollen 
massi»s, ag- 
gr(‘gat«‘d in 
chimps 


0 i 

o.4r» 


Partially disscilved 
Dissolved 


Very s\^ollen 
uud broken 


0 05 

0 0185 

1 1 

No ppt. 

0 196 

0.1 

0.005 

2 8 

No ppl. 

0 129 

O.l'o 

0.111 

3.2 

Very slight 

0 559 




ppl. 


0.2 

— 

8.6 

Ppl. 


0 25 

Partially dissolved 


0.3 

Dissolved 




0 05 

0.0108 

1 0 

No ppt. 

0 105 

0 1 

0 0075 

2 2 

Very slight 

0 266 




ppl- 


0 15 

— 

2 15 

]>pt. 



0 2 

Partially dissolved 


0 25 

0 05 

Dissolved 

0 05 1 

.0 

No ppl. 

Ml 

0 J 

0 1 1 

1 

No f>|)t. 

Nil 

0 15 

0 15 1 

2 

Very slight 

Nil 

0 2 

0 2 1 

35 

ppl. 

Slight ppt. 

Nil 

0.25 

— 1 

6 

Ppt. 


0 8 

— 1 

9 

Heavy ppl. 


0 35 

0.05 

Dissolved 

0 05 1 

0 

No f>pl. 

Nil 

0 1 

0 1 I 

05 

No ppt. 

Nil 

0 15 

0.15 1 

1 

No ppt. 

Nil 

0.2 

0 2 1 

1 

Very slight 

Nil 

0 25 

0.25 1 

15 

ppt. 

V^ery slight 

Nil 

0.3 

0.3 1 

.15 

ppt. 

Very slight 

Nil 

0.35 

0.35 ] 

3 

Slight ppt. 

Nil 

0.4 

— 1 

.35 

Ppt. 


0.45 

Partially dissolved 



0 018 S\%ellin^ only 
radial 

0 IKU \\ial ('ontrac- 
0 0r>l lion 

\ er> swollen 
masses, 
breaking' 


0 018 Swellin^j only 
0 080 radial 

Some sli^ditly 
swollen, 
others 

bn Jk**!! 


0 018 


Some fibers 
perhaps a 
little swol¬ 
len, otluM's 
broken 


Fil>erR not 
sw'ollen; 
breaking, 
incrcaKing 
with con¬ 
centration 
of phthal- 
al(‘ 




mtihfl Mtmyt 


methyl nonyt 


O OI 0*1 0*3 0*4 0*5 0*1 02 0*5 04 05 

•msftibriym mo! fr90tion of MOhont In U^M phOMO 
Fig. 2. Alisurptiofi of kcloiies from ketone*hcxane mixtures. 
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2 


n^propy! 


n^bvty! 


O I C * 0|5 0*4 0*5 on 0*2 OO 0*4 0*5 


n^omy! 


on 0 2 0*3 o4 0*3 

equiUkriym mo! f root ion of sotyont in Ii^yi9 photo 
Fig. 3. Absorption of formates from formate-hexane mixtures. 















mtthy/ 


N^O-50^ 



n-propyt 


N 050^ 


n^9myt 


Ol 0*Z 0-3 04 0< 


^quiltbrium mo! fraction of tt^fv •Ht fn photo 

h'f^. 1. Ab»<»rpti<>n of uri^lates from uf!f;tute-hrxuiie inixtureh. 



01 0*2 0 3 0*4 O'i 01 0*2 OO 0*4 O* S 


n^ropyt 


n^vtyi 



Ol 0-2 0-3 0*4 0*5 

o^ui/ibrium moi fraction of toioont in ii^aiO phono 
Fig. 5, Absorption of n-butyrates from butyrate-hexane niixturcs. 









NITROCKfXlJLOSE—SOLVI^NT INTElUCTfON 


101 


measurable amounts. This storio effect may be ascribed to increasing dif¬ 
ficulty in penetration into the fibers as the size of the solvent increases. 
Similar effects tiave been reported by lVlathi(‘u and IVtitpas^^ and Des- 
maroux*’’ has shown that camphor, dissolved in hexane, is not absorbed 
below a certain critical coik^mj! ration. It should b(* noted, Jiowever, that 
size of solvent is not the only factor det(*rmining (*ntry into tlie fibers. The 
relatively large absorption values for diethyl and di-n-propyl phthalates, 
both fairly larg<* solvents, suggest that som(» other faidor is operative. 



Fip. 6. Xbsorplioti of iihttialate» from phthalate-lioxune mixtures. 


Tlic stcric cfTwl is paralloK'd in a general way by swellinff. Willi smaller 
solvents of a series and low solvent eoneentrations swelling is only radial. 
Increasing eoneeni,ration leads to a\ially eoniraeted, radially swollen fibers. 
The packing of sueli fibers is closer than where radial swelling only occurs 
and this leads to a decrease iu the bulk volume although the swelling of in¬ 
dividual fibers is greater. At the highc'st solvent concentrations before 
solution (M'curs the fibers swi'll to almost spherical masses and the bulk 
volume may iiu-rease though a teiuh'iicy for Itighly swollen fibers to aggre¬ 
gate together in clumps may lead t.o a further dei-reasi*. Presumably the 
molecules of the smaller solvents enter both amorphous and crystalline 
regions of the fibers.*^ With larger solvents the axially contracted form is 
not observed and at higher solvent concentrations the fibers tend to break 
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TABLK VI 


(a) Action of Mixtures Containino 0.5 Mole Fraction Aliphatic Solvent 


Soivi'nt 

Hulk voltimn. rr. 

(AVV)‘Aa5al./cr.)’/» 

Mo.thyl foririato. 

1 5 

10 2 

Aceloiio . 

2 0 

9 a 

Methyl acetate 

0 9 

9.55 

(Virmate- 

1 9.5 

9.4 

Ethyl methyl ketone 

2 55 

9 2 

Ethyl acetate. 

5 « 

9 0.'> 

a-Propyl formate 

Partially dissolved 

8 95 

n-Propyl methyl ketone. . 

6 6 

8 9 

Methyl-n-hutyrate .. 

Partially dissolved 

8.85 

n-Propyl acetale. . . . 

Dissolv(Hl 

8 75 

n-Butyl formate 

Dis.solve<l 

8.7 

n-Ainyl methyl ketone. . 

Dissolved 

8 55 

Ethyl n-butyrat<» . . . 

Dis.sf>lv€*d 

8 55 

n-Arnyl formate . 

Di.s8(»lveil 

8.5 

n-Biityl acetate. 

Dissolved 

8 5 

rt-llexyl methyl ketone . 

Dis.solved 

8 45 

n-Ainyl acetate ... 

Dissolved 

8 H 

n-Propyl n-hiityrate. , . 

l^irtiallv dissolved 

8 5 

n-Butyl fi-butyrate. . 

1 55 

8.1 

Methyl nonyl ketone. .. . 

1 5 

7 8 

n-Arnyl n-butyrate. . . . 

1 i 

7 8 


(b) Action of Mixtitrks Containing 0.2 Mole I'raction Piithalate 


Piithalate 

Bulk volume, ee. 


Diethyl. 

2.55 

9 1 

Di-n-propyl ... 

Di-n-butyl. 

3 6 

Parliallv dissolved 

8 8 

8 I 

Di-n-amyl. 

1* 35 

8 2 

Di-n-hexyl. 

1 1 

8 0 


up into elongated fragments. In suoli rases, (he values of swollin/^ and 
absorption preceding solution are considerably less than those observed 
with smaller solvents. The larger solvents probably enter chiefl> lh(‘ amor¬ 
phous regions. The breaking into elongated fragments, also observed by 
Mangenot and Raison’® with nitrated (xilton and ramie libers in c>(;lopen- 
tanone and diethyleneglycol dinitrate, may be accompanied by sw^elling 
of some fibers. This does not oc(!ur with t he largest solvents and in mixtures 
involving di-n-arnyl and di-n-hexyl phthalates breaking oiT'urs without 
swelling even at lower solvent (‘.oncentrations. 

Solution of fibers does not appear to depend on the attainment of par¬ 
ticular values of swelling or absorption. With smaller solvents solution is 
preceded, at solvent concentrations less than that causing solution, by high 
degrees of swelling and absorption. With larger solvents smaller swelling 
and absorption values precede solution and witli the largest solvents solu¬ 
tion appears to occur without measurable swelling or absorption at lower 
concentrations. It may be noted that two modes of solution are possible, 
as suggested by Mathieu and Petitpas.^^ With small solvents, entering 
both amorphous and crystalline regions of the fiber, dispersion of chains 
may lead to a “molecular” solution. Such disj^ersion of chains should be 
preceded, at lower solvent concentrations, by high degrees of swelling and 
absorption. With larger solvents, where entry is restricted to amorphous 
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roj?ioriH, a dispersion of (crystalline n^jfions, initially little affected by sol¬ 
vent, may oecnir. Further a(^tion of the solvent may lead to progressive 
rtcmoval of chains from the dispersed crystalline regions and ultimately to 
tin' “rnoU'cular” type of solution. Such a dispersion should be precceded, 
at solvent concentrations l(\ss than that causing the (iispersion, by srnalh'r 
d(‘gr(*es of swelling and absorption. The breaking of fib(Ts into (*longated 
fragriKcnts may be due to break-up of the fibers at points in the amorphous 
regions where pac’king of chains is most open and the forc(‘s between tlnmi 
weakest, this break-up being followed by dispt‘rsion of the fragments. 
Where solution occurs witliout swelling and absorption at lower solvent 
concentrations, as in the cas(\s of di-n-amyl and di-n-he\yl phthalab's, pre¬ 
sumably the s()lv(‘nt molecul(»s are t(M) larg(‘ to enter other than a few^ rela- 
tiv('ly large spac(‘s in the fibers wluTe pa(*king of (*hains is sufTi(‘iently open 
to permit entry. 

At low conc(‘nlrations, the smaller solvents app(-‘ar to be the best swelling 
agents, pc^ssibly b(H'ause of the greaUa* amount of solvcmt absorb(Hl. This 
is not, how(‘ver, the (‘ase at liiglaT concentrations. Comparison of the 
sw'(*lling or solvent power of mixtures initially containing ecjual mole fra(‘- 
tions of diffenmt solvents suggests a relation between the action of such 
mixtur(‘s and the cola^sive encTgy density of the solvent. The cohesive* 
energy density is E/\\ where /? equals — /tT, Le being the molar latent 
heat of vaporization and V the molar volume* of the solvent, both at the 
te*mp(‘rature T. The relationship is seen in Tables VT, where bulk volumes 
in mixtures initially containing 0.5 mole fraction aliphatic solvents and 0.2 
mole* fraction phlhalates are giv(*n with the solvent values at 

25°. The latter are taken from publishe*d data,'"'*’^'^^ frejin vapor pressure? 
data, by (*slimation from values for homologous compounds or from the 
Hildebrand rule.^^ In the two last e’ases, valuexs are only approximate. 
While bulk volume, for r(*asons previously given, is only an approximate 
measure of swelling pow^r, the action of the rnixtuivs appe’ars to vary with 
(E/V)'^^ in a manner similar to that observeul with nonpolar polym(‘r8. 
The mole* fraction of solvent in the mixture's in equilibrium with swollem 
fibe'rs w ill not be that initially pre'semt but refere'iice to Tables I-V indicate's 
that with aliphatie* solvents the (‘hange in mole fjaction following absorp¬ 
tion is not large. With such solvents swelling is seen to increase as the 
value of (E/V)'^'" decreases from 10.2 to 8.9, a range involving the sinalleT 
solvents, between 8.9 and 8.3 partial or (omplete solution occurs. At 
values lower than 8.3, involving larger solve*nts, only slight swelling oerurs, 
probably because entry is r(*strie*led to amorphejus regions. Similar irsults 
arc seen with phthalate*s, although here solution oe?e?urs at lower solve'iit 
concerntrations and the change's in mole fraction are larger for mixtures in¬ 
volving diethyl and di-n-propyl phthalates, suggesting tliat solvent type is 
an additional factor affee*ting swelling or solution. The relationship be*- 
twee'ii cohe*sive energy density of solvent and action of mixture's is shown in 
Figure 7, whert? bulk volume's in the mixturt*s involving aliphatic solvents 
given in Table \T are plotted against soixent {E/V)'^\ Partial or com- 
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Fig. 7. Aotion of niixtiires c(»ntuiniiig 0.5 
mole fruetioii «olvenl a« fuiictioti of (E/F)' ^ 



Fig. 8. Volumes of hexane for precipitation as a func¬ 
tion of (&yF)’/®. 







NITROCETXITLOSE—SOLVKNT IN J KRACTION 


105 


TABLE Vn 


VoLUMKS OF IIkWNF Ri^QDIRKD TO CaUSF I^RFCIPITATIOIV FROM 5 CC. 

1% Solution 


St>lvpnt 


Volume hexane, cn. 


Appearance of solution 


Acetone. ... ^ 

Methyl ethyl ketone 5 05 

Methyl n-propyl ketone 5 9_ 

Metliyl n-ainyl ketone 7 85 

Methyl n-hexyl ketofie 7 5 

Methyl n-nonyl ketone 2 45 

Methyl I’orinate ... 27 

Kthyl formate. 4 5 

n-Propyl formate... 59 

n-Butyl formate . . 6 7 

n-Arnyl formate 6 75 

Methyl acetate. . . 4 75 

Ethyl acetate 6 3 

n-Propyl acetate 7 55 

n-Biityl ac;etate 8 05 

n-Ainyl acetate. 7 4 

Methyl n-hntyrate. i 2 

ICthyl n-hutyrat<‘ 1 7^ 

n-Propyl n-hntyrate 5 05 

n-Biityl n-hntyrate 4 1 

n-Amyl n-hniyrale 2 35 


Diethyl phthulate 
Di-n-propyl phthalatc. 
Di-n-nutyl phthalatc. 
Di-n-ainyl phthalatc 
Di-n-he\yl phthalatc. . 


3 9 


6 8 
5 6 

Not completely 
dissolved 


(3ear 

Clear 

Clear 

Clear 

(.^lear 

De}K)sited .specks of j?el 

Very slightly cloudy 

\ ery slightly cloudy 

Clear 

(^llear 

Clear 

(3ear 

Clear 

Clear 

Clear 

Clear 

Very slightly cloudy 

( 3ear 

f’lear 

Slightly cloudy 
Slightly cloudy, de¬ 
posited specks 
Clear 
(3ear 
(3ear 
Clear 


TABLK Mil 

Intrinsic Viscosities and Initial Slopes oi t;,„ r vs. c Curves 


SoIvimU 

hi 

luitiul Hlope 

Acetone. . 

. . 2 42 

0 66 

Methyl ethyl ketone 

2 47 

2 0 

Methyl n-propyl ketone . . 

2 64 

2 4 

Methyl /i-ainyl ketone . 

3.10 

4 0 

Methyl n-he\yl ketone 

3 02 

3 0 

Methyl formate. 

3 02 

1 5 

Ethyl formate. 

3 10 

1.5 

n-Propyl formate . 

3 18 

3.2 

n-Butyl formate ... 

3.47 

4 8 

n-Amyl formate ... .... 

3.81 

5 7 

A4ethyl acetate. 

. .. 2 80 

0 2 

Ethyl acetate. 

... . 3.10 

2 8 

n-Propyl acetate . 

3 36 

3 6 

n-Butyl acetate. 

... 3 60 

4 8 

n-Amyl acetate. 

.... 3 52 

4.2 

Methyl n-butyrate. 

. 3.57 

4 4 

Ethyl n-butyrate. 

. 3 69 

5 5 

n-Propyl n-butyrate. 

. 3.77 

6 6 

n-Butyl n-butyrate. 

. 3.60 

6 5 

Dimethyl phthalate. 

. 3.65 

4 0 

Diethyl phthalate. 

. 4 17 

6.1 

Di-n-propyl phthedate. 

. 4 40 

6.3 

Di-n-butyl phthalate. 

. 4.90 

7,0 

Di-n-amyl phthalate. 

. 4.55 

6.9 
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plete solution occurs between the limits indicated by the broken vertical 
lines. 

The volumes of liexane required for precipitation are given in Table VII. 
They agree generfilly with the proportions of hexane in the mixtures whi(!h 
just cause solution. In each homologous series the volumes vary with 
solvent {E/V)'^\ in a similar way to swelling or solvent action of mixtures, 
and as shown in Figure 8. The plots suggest that, for a particular series, 
the largest volume of hexane is reciuired when the solvent valu(‘ 

is about 8.5. The differences in the volumes of hexane re([uired for solvents 
of different series but of approximately the same (/iVV)'^* suggests again 
that solvent type is important. 



Intrinsic viscosities for each seri(‘s of solvents an* given in Figun* 9. 
Results from n-amyl /i-butyrat<*, and n-nonyl methyl ketone are not in¬ 
cluded as their solutions deposited gelatinous spec ks in the visc’ometer. 
Solutions of /i-butyl n-butyrate exhibited the same property to a smaller 
degree. For each series, the intrinsic viscosities vary with solvent (fi’/F)' * 
in a similar way to that observed for precipitation and as illustrated in 
Figure 9. The initial slopes of the specific viscjosity concentnition plots 
were also found to vary with solvent (E/V)''\ Values are given in Table* 
VIII. Solvent type again appears to be important. 

Interaction of nitrocellulose and solvent for each series appears to be re¬ 
lated to the cohesive energy density of the solvent. Theories developed to 
account, in at least a semi-ejuantitative^ way, for the interaction of nonpolar 
polymers and liquids relate swelling, the volume of nousolvent required 
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for precipitation and viscosity to heat of dilution effects and hence, follow¬ 
ing Hildebrand^® and Gee,* to the cohesive energy density of liquid. Gee, 
considering that all solvents will produce about the same increase in en¬ 
tropy when imbibed by a polymer to the same extent, has shown that for 
rubber the degree of swelling is a function of V^o^KEo/VoY^^ — (Er/VrY' ^] 
where the subscripts 0 and r refer to solvent and rubber, respectively, Vo 
being the molar volume of solvent. Swelling, or other measure of interac¬ 
tion, will be a maximum when this expression is zero, /.e., when Eo/Vo and 
ErIVr are equal. This correlation of cohesive energy density and interac¬ 
tion applies only when heat is absorbed in mixing. Swelling and solution of 
nitrocellulose, however, octaxt exothermally. A tentative explanation, 
which includes the process of solvation, may be advanced.*® Considera¬ 
tion of the heat changes involved in swelling or solution of nitrocellu¬ 
lose**** indicate that the first stage in interaction is solvation, occurring 
with evolution of heat. Solvated chains are then separated or dispersed 
with the absorption of a smaller amount of heat. Separation of solvated 
chains may well depend on the same forces as are Involved in swelling or 
dispersion of nonpolar polymers and similar theories should apply. The 
relationship observed will then be one between cohesive energy density of 
solvent and interaction of solvated polymer and solvent. The (E/V)"'^^ 
value at which interaction is a maximum will, presumably, be that of the 
solvated polymer. A similar suggestion has recently been made by Spur- 
lin.** 

At first sight, interaction in solvent-hexane mixtures might be expected 
lo be related to the cohesive energy density of the mixture rather than that 
of the solvent. Taking the average number of NO 2 groups per Ce unit as 
2.43 for a 12.55% N nitrocellulose, absorption of solvent corresponding to 
one solvent molecule per NO 2 group leads to a value of 0.709 for Ng. This 
value is seen to be exceeded at higher concentrations of small solvents, 
suggesting that solvent molecules are absorbed in excess of those required 
for solvation. Solvated chains will thus be surrounded by solvent mole- 
cutes and their separation or dispersion should depend on their interaction 
with solvent. With larger solvents, where entry is mainly restricted to 
amorphous regions, similar conditions may exist. Assuming the nuihber 
of Ce groups in the amorphous regions to be approximately half the total 
number,absorption values at the higlier solvent concentrations also sug¬ 
gest an excess of solvent molecules over those required for solvation. 

The relationship between interaction and cohesive energy density of 
solvent may thus be tentatively interpreted in terms of interaction between 
solvent and solvated polymer. Such an interpretation, while certainly a 
simplification, does explain observed results and links tlie more recent 
theories of polymer-solvent interaction with solvation. It also provides 
an explanation for the well-known variation in solvent power, determined 
by the precipitant method, as a homologous series of solvents is ascended.^*^ 
At this stage, no explanation is offered for the variations in interaction due 
to solvent type. Similar variations have been reported by Richards*^ 
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for polylliene, by Boyer and Spencer^® for styrene-divinylbenzeno and 
discussed by Gee in tfie case of rubber. 

Entropy effects have not been considered although they must play some 
part in interaction. Solvation will result in a decrease in entropy of sol¬ 
vent and in swelling tJiis will vary with the extent to which entry into 
crystalline and amorphous regions of the filw^r is permitted. Swelling or 
dispersion of chains will, however, involve an increase in entropy. The 
properli(\s of the system acetone-nitro(‘ellulose over the (joncentration range 
O.l-TOVo nitrocellulose have been discussed by Schulz.In the concen¬ 
tration range 20-70% nitroc'ellulose the (‘iitropy term is relatively small 
compared with the hc'at term. Recent work'^^ suggests that entropy (ef¬ 
fects are much less in solutions of cellulose derivatives than in solutions of 
polymers with flexible chains such as rubber and other hydrocarbons. It 
is hoped to consider these* effects and the effec ts of var>ing solvent type 
and nitrogen content of nilroc*ellulose in a further paper. 

I’lie author is indebted to Dr. («. (bn* for suggesting tin* metliod of estimating the 
composition of the li(}iiid mixtures, and wishes to thank Dr. R. L l^llliotl for stimulating 
dis(’ussion diiring tia* course of this work. 
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Rcsum6 

L’inleractioii do la nitrcjcollulose libreuse avcc certains solvarits a 6t!idi6e an moycn 
do {’absorption du solvant dans un tneiaiigo de solvant et d’hexane, par I’etiide du gon- 
Ihanent ot de la dissolution dans do tols melanges, par la prmpitation de la solution par 
addition d’hoxane, ainsi quo par dos inosures viscosinietriques. Les phenorn^nes d’- 
absorption et d(; gonflornont font supposer quo la penetration dans les regions arnorphes 
ou cristallinos do la fibre ost oonditionnoo par la grandeur dos inoleculos do solvant. Les 
resultats dos rnosunis de goiifhanent, do viscosito et do precipitation indiquent unc rela¬ 
tion outre rint(M’aotion et la donsite d’onergio de cohesion du solvant. I^.s th^)rics 
iiabituolles des interactions pol^'itiore-soKant, applieables uiix ca.s ou il y a absorption de 
elialeur par melanges f)euvent egalernent 6tre uppliqueos aux interactions entro la nitro¬ 
cellulose. solvateo (^t lo solvant. 


Zusa n 1 men fassu ng 

Dio ^Virkung von baser-Nil,r<»c(‘llulose und Uisungsmiltel aufeinunder wurde durch 
Absorption des Liisungsmittels aus liisungsmittel-Hexan Ciemischen, durch Quelhing 
und Lcisen in soIcImmi (femis(djen, durch Ausnillen aus der Lbsung mit Ilexan und durch 
\ iskositiitsniossungen untersucht. \bsor[)tiofis- und Qucllungsresultate lasscm anm*Ji- 
men, dass die (iriisse der liisungsinittelmolekelii von Wichtigkeit ist, indem sie den Imii- 
tritt in amorpla^ odor krislalline Bereicdie der Kaser bestinunt. Die Resullatc von Qucl- 
lung, Viskosiliit und ballung /eigen, dass zwisch(*n der gegenseiligen Einwirkung und 
der kohilsi\(‘n lMa*rgiedichte des liisungsmittels cine Beziehung l)osteht. Es wird 
angt'noinmen, dass di(‘ bekannten Theoram der W'irkung von Polymer und l/)sungs- 
millel aufeiiiandor, die giiltig .sind, weiiii Ijeirii Mischen Warrne ahsorbiert wird, auch 
aurdi<‘, Wirkung von gelbster Nitrocellulose und l/>sungsmittcl aufeinauder angewendet 
w 01 den kiinnen. 
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Molecular Weight Investigations of High Polymers 
with the Electron Microscope* 
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Israel, and DWIGHT II. JOIINSO.Nt and H. MARK, IruitiMe of Polymer 
Research, Polylecimir Inslilule of Brooklyn 


INTRODUCTIOxN 

The weifrht of niacTomoletailes (‘an be dclermined by the measurement 
of the osmotic pressure;, the scattering of light, and the diffusion and sedi¬ 
mentation rate in tlie ullracentrifuge. High polymers of molecular weights 
below I X 10® can be ade([uately cliaracterized with any of the above 
metliods, but definite limitations are encountered with higher rnolec^ular 
weights, (^xc(;pt in tin' ease of the ullracentrifuge. The osmotic pressure 
decreases with increasing molecular weight and the method reaches a prac¬ 
tical limit at about I X 10®. Liglit s(;attering also fails to yield accairate 
results in the high mohicular weight range because of the dissymmetry of 
the s(;attering.^ The ultracentrifugc is at present the only method for de¬ 
termining very high niolec^ular weights with any acjcuracy. IIowev(;r, the 
method is complicated and time consuming. Thus, auotlier method for 
measuring mokcular W(*ights of very large molec ules would be useful if 
only as a check on the rc'sults from the sedimentation-diffusion data ob- 
taiiK’d with the ultracentrifuge. 

The el(*clron microscope (jffers a possibility for directly measuring the 
size of moU'culc's if one succeeds in dcpcisiting them individually on a 
s(T(‘en and if their density can be c'stimated. The basic probU'ins involved 
are to make a dispersion of the sample into single molecules and to enhance 
the low contrast which this type of specimen produces in a normal electron 
microscope diagram. 

The accuracy to which partic le diameters of 100 A. can be measured with 
the electron microscope is small but inc^reases rapidly with the size, and 
above a molecular weight of apprcjximately 1.5 X 10® is within a useful 
limit. 

Husemaiin and Kuska were the first to report a comprehensive study of 
molecular weight measurements from electron micrographs. They used 
glycogen and iodine substituted glyc'ogen as specimens^* and obtained 

* Portion of Ihcssis siibiiiitted by D. H. .fohiiscm to the Polytechnic Instilute of Brook¬ 
lyn, 1948, in partial fuHillineiit for the degree of Doctor of Philosophy. 

t Ih-csscnt address: Cornell University, Ithaca, N. Y. 

t Present address: IVinceton University, Princeton, N. J. 
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f^^ood agreement with the osmotic molecular weights of 1.5 X 10® and 6 X 
10 ®, respectively. 

A very interesting study of synthetic polymers witli the electron micro¬ 
scope was carried out by Boyer and Ilcidenreich.'* Using very dilute solu¬ 
tions (0.1 to 10 p.p.in.) of polychlorostyreiie in benzene they precipitated 
the polymers with propanol and deposited a drop of the suspension on silica 
membranes. The cl(*etron micrographs showed nebular formations with 
peripheral dispersions of small individual particles of almost circular cross 
se(^tion. They are considered to be single molecules and the molecular 
weights are calculated assuming that the molecular weight is a function of 
the scpiare of the diameter of the particle. Postulating even su(*h loosely 
coiled chains in the pn'cipitated macTomolecules, molecular weights were 
obtained which are four to five times larger than those obtained from light 
S(‘.attering measurements. 

It seemed worth while, thendbre, to explore whether anoth(T method of 
specimen deposition w ould furnish better dispersions and whether the recent 
techniques developed iu (‘h'ctron microscopy might not tend to a closer 
agreement with other methods. Foremost of the advances for this par¬ 
ticular problem is the tecimiejue of “shadow-casting” developed by W yckolT 
and Williams.®*® In shadow -cast ing a thin layer of heavy metal is obliquely 
evaporated on the sp(*cirn(*n and it is the metal layer that produces an im¬ 
age of high (‘ontrast w hi(‘li is a lopographical representation of the specimen. 
Thus the electron microscope method no longer need be limited to molecules 
with heavy atoms and the increased contrast available for all specimens 
makes it. a much more promising technique. Shadow-casting does intro¬ 
duce a lifnitation, since it prevents the full utilization of the resolving 
power of the el(*(iron microscope, which under ideal conditions has been 
reported as low as 8.5 10 A.^ The best resolution which can be expected 
after a specimen has been shadow cast is apparently 2*5 to 30 A. 

EXPERIMENTAL 

All electron micrographs were taken with an BCA type EMU electron 
microscope. The objectiv(! pole piece of fh(‘ instrument was corrected ac¬ 
cording to the proc(*dure of Ilillier and Bamberg,® and a self-biased gun was 
used as the electron source. 

The fra(*tio»]s used in this investigation were portions of fwo polystyrene 
samples.*^’The first was polymerized in (emulsion at 63°C. using a per¬ 
sulfate catalyst, whereas the second was polymerized in bulk at 95°C. with¬ 
out (catalyst. The two polystyrenes were then frac^tionated by preferential 
evaporation of solvent from a solution of the polymers in a solvent-non- 
solvent rnixture.^^ Table I indicates the solution characteristics of the 
samples chosen after fractionation. 

The basic; problem involved in making the electron microscope a useful 
tool for molecular weight determinations is to obtain a dispersion of the 
polymeric material into single molecules completely separated from each 
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TABLE I 



Osinotii; ^ 

f,l at .30®C 

F rartiori 

iiinlocultir weight 

.1-3 

4 8 X 10® 

1 46 in toluene 
0 80 in MEK 

J-2 

1 1 X io« 

2 07 in toluene 
1 09 in MEK 

,M 

1 8 X 10® 

3 23 in toluene 
1 37 in MEK 

S-l 

— 

2 03 in MEK 
(at 28 5°C.)“ 


“ Mole(Milar weight osliinated to l)e 2.5 X R)®. 


oilier. Loiif^-rliain polymer rnoletailes in a “j?ood” solvent are stretched 
out into loose, random coils and as the solvent becomes progressively 
“poorer" the molecules curl up more and more tightly. Tin* procedure 
developed here is based on the following (‘onsideration: a dilute solution t)f 
a polymer in a poor solvent when dispersed into a fiiui mist will contain but 
few tightly coiled molecul(‘s in each droplet. The probability of aggrega¬ 
tion will be; small as a resull of the very small concentration. 

TIu* polystynMie samples were therefore dissolv(‘d in the “poor" solvent 
cyclohexane, which had been triply distilled,* and the solutions were then 
spray(*d onto the collodion film or glass slide using a DeVilbiss #40 Nebu- 
lizer.t Most of the droplets have radii ranging between 0.3 and 2 mi¬ 
crons. Estimates on the droplet size indicated that the majority of them 
w(‘re about 2 microns in radius, and in determining the optimum dilution, 
a value was chosen which would alloW' for an average of between 25 and 50 
molecuhis in each droplet of this size. This number seems to be a satisfac¬ 
tory compromis<* hir obtaining w ide dispersion and yet enough particles to 
observe. 

Table il shows the average number of molecules present in droplets 2 
microns in radius for a polymer concentration of 1 part per million. 


TABLE II 


Vf W. rractuHi 


. |i.p in. by wl. 


No. molecules 
per droplet 


0 

5 X 10® 

1 0 

1 

0 

1 0 

2 

5 

1.0 


32 

16 

6 


From Table II it can be seen that a concentration of 1 p.p.m. would be 
satisfactory for molecular weights up to 1 X 10®, while for the 2.5 X 10® 
sample about 10 p.p.rn. should be used. 

* In making the initial solutions of fractions .1-1 and S-l it was necessary to use ap- 
proxiinatc‘ly 3% hy volume of CCI4 with the cyclohexane to ensure the solution of the 
(X)inplete fraction.* 

t R. should be noted that the #10 Nebulizer is similar in eflect to the technique used 
by Cravath and co-woi-kers (footnote 13). 
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A qualitative* ( lirck ou tlit* anioiint of spceaiiieii deposited was perfomied 
in the followin^jf inaniun*. A ^lass inuToscope slide was eoaled with a thin 
la>(*r of earbori blac k by passin^^ through a luminous flame, and an amount 
of spet'imen nebulized onto its surface. By an examiimtion of the slide w ith 
a sup(*rimposed 200-nit*sh sp(‘cimen scr(*en uiid(‘r ei low -powcT optical niic’i’o- 
scope, the number of droplets per scpiare could Ik* counted and then an 
(*stimate made of the volume of solution required to adecjuately cov(*r the; 
sp<‘(*imen scnM*n. 


RKSI LTS ANI> DISCUSSION 

The* first specinnms w(*re prc'paivd by nebulizing dilute polymer solutions 
in cyclohexane directly onto collodion substrates and shadowin^^ with 
uranium. 

A l)lank spec'iinen was pn'pared to clH‘ck tliat the solvc*nt had no obs(*rv- 
ablc* eifect on the mc'inbraiH* and left no insoluble and visible* resieJue. The* 
substrate was shadowed with .‘t A. of uranium at an an^dc* of 1:3 to rev(*al 
the fimi structure. Figun* 1 shows a microf^raph of a cast (‘ollodion sub¬ 
strate upon which the tripl> distilled c><‘lohe\ane solv(‘nl has b(*en iH*bu- 
lized. Identical results were obtaiiu*d when a c’ollodion membrane was 
shadowexi without trealin*? with cyclohexane*. 

Fif^ure 2 represents a micrograph obtainc*d wh(‘n fraction (M.W. = 
1.8 X ih*’) was nebulized onto a collodion substrates usin^^ a I p.p.m. solu¬ 
tion; 3 A. of uranium was employ(‘d for slladowin^^ The particle's ob- 
se*rved w(*re (.\s1iniated to be prolate* sphe*roids frejm a conside'iation e>f lh(*ir 
(TOSS vsections and shadows. The* major and minor a\e*s of all partic les c em- 
taint*d in an ar(*a of approximatel> 1 square* mic rons w(*re‘ mc‘asun*d. A 
millimeter rule was uscxl in cH)njunc‘tion with a 1(1 X mic‘rosc*c»pe‘ for me*{es- 
urement of the fiartic'les; the measurements we*re* made* to the* ne*are*st 0.25 
mm. (corre*spondin<i: to 30 A. in the spe*c imen). The* dif!‘use*ne*ss of the* par¬ 
ticle e*dfj:es made a more* precise measureme*nt impossible*. 

The volume's of the* partic le's we'ie* then e*alculate*d b> use* of the* c'epiation: 

V = 

whe*re a and b are the* major and minor a\e*s, re'spe‘ctive*ly. In the case of 
Figure 2, ilie ratios of a b were appro\imatc*ly 1. I'udcaiblc'dly, this re*- 
sultc'd from the difficulty of disc'erning the partic le's’ boundarie's with suf¬ 
ficient precision. 

A smoothed distribution curve was obtainc'd by graphical diflere'utialion 
of the (Emulative nurnben’ ve^rsus particle volume plot. Figure 6 shows the* 
result for frac tion J-3 and Table Ill give*s the partiede count and molc'c ular 
weight c'alculatexl from the average volume. The bulk de*iisity value of 
polystyrene (1.06 g./cc.) was as.sumed for this c^alcnilation. 

Jt c an be sex'ii that the agrc'ement between the^ osmotic and electron mi¬ 
croscope X allies is within the experimental error of both methods. 

The number of partiedes counted is too small for a statistic al treatment of 
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the data and no spe(‘ial einpluisis should be placed on the size distribution 
ibr this and the following fractions. 

Figure 3 shows a micrograph of frac lion J-2 (M.W. = 1.1 X 10®) pre- 
par(*d by direct d(‘position from a I p.p.iii. solution and shadowed with 3 A. 



Fi^. I. Hluiik: (iliii with Fi|{. 2. IVIolecular ilinperHion of frac- 

iiel>ii1ixiMl r><*loliexuiie sdlvc'iit. Shad- lion J-3. 

c>h€mI with 3 \. of’ iiraiiiiiin. 



Fi^. 3. IVIolcMMilar disporKion of frac- Fip. 1. Molecular dispersion of frac- 
lion J-2. litm S-1; preshadowed replica. 


of iiraiiiiim. 'I'aljlc IV slums (In* observed parlii'le fount and avorage 
niolfcnlar wc'ight. A groatfr <‘ff(‘ntrifil> was obtaiufd than with frartion 
J-.‘b Kiguro 7 gives tlu* number distribution of particle volumes and was 
obtained in the manner deserilu'd for the preceding fraction. Again, reason¬ 
able agiwment is obtained lietween the two methods. 

Figure .> shows a micrograph of fra<'tion J-1 (M.W. 1.8 X 10*'). Duly a 
few mohioules ha\ e been observed in this particular area of the held, but it 
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TABLE III 

Obskrvkd BAivncLio ('ount k(jb I’olvmkk Fk\ctjon J -3 


VolllflH*, 

A ' X 10 


Niimlmr of parlicloH 
coiinlod 


:50 () !• 

22 0 10 

U 2 U 

I 70 

;i » :jj 


Tula! m 

Noluilll* = 0.3 X 10® 

\v(M*af?o M.W . = (> 0 X 10® 

Osmot ic prcssiirc M \V. = 1 B X 10® 



Fija:. 5. Molecular fli.s|K*rHion of fructi«»ti J-1. 


TABLK IV 

OiiSKRVKi) ISivncLi: ('ount for Frxction J-2 

, Volume, 

A 5 X 106 


Number of purticIeH 
coil tiled 


52 0 
30 0 
14 5 
0 1 
4 2 

Total .... jtif) 

Average volume = 15 X 10® 

Avi'j’age M.W. = 0 9 X 10® 

Osmotic pressure M.W. = 1 1 X 10® 


4 

21 

83 

il 

16 



MOI-KClIIAK WKK’.HT WITH KLKCTUON MlCIlOSCOPli 


117 


was found tliaf even on a small count of cmly 27 particles the slope of the 
sm(M)thed cumulative number curve fjave what may be fortuitously close 
af;r('ement. Table V gives the measurements on these particles; their 
size dislribution is shown in Kigure 8. 


TABLE A 

OBSICKVICI) I'MVnC.LK ('olINT TOK FUNCTION J-1 




Numb»*r of 

VijIiiiih*, 

\ < X " 

liarliHps 

1 

0 

3 

1 

8 

1 

o 

2 

3 

3 

0 

10 

3 

8 

3 

7 

0 

•> 


~ 0 X 10*^ A. * 

Avtna^-f* M.W. - 1 M X 


Osniolic pressuri* AI.W. = 1 H X 10'’ 



^ A^x 10 ® A® X 10 ® 


Fi^. 6 . OIisctxmI ihiiiiImt disirilmf ion Fi^. 7 . OI>H€*r\e<l number disl ribiition 
of purliele \olum(‘s for fraelion . 1 - 3 . of purtii'b* \objmes for frac'tiuri , 1 - 2 . 



A^ X 10 ® A^ X 10 ® 


Fijj. 8. Observed number distribution Fi#?. 9. Observed number dislribution 
of particle voiiimc^s for fraelion J-l. of particle volumes for fraction S-1. 
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Fijj:iire 4 is a micrograph of fraction S-l for which there is only an approvi- 
male rnolecmlar weight of 2.S X 10® estimated from visc*osity measnrements. 
Tlie specimen was n(*biilized from a 10 p.p.m. solution in cyclohexane. 
However, in this case, the sample was deposited on a glass slide and pr(‘- 
shadowed with 5 A. of gold and a (‘ollodion replica pr(*par(‘d following I he 
usual pr()(‘(»dur(‘.®'® In obtaining this mi(;rograph the zero bias gun was 
used to minimize the granulating of the gold and within (he resolution ob- 
taiiH'd in this image* none* (;an be* disce*rne‘d. Table* \ 1 give*s the* obse*rve*d 
volufiie* partie'le* c-ount and the mol<*cular vve‘ight obtaine*d fre)m the* sleipe* of 
a smoe)the^d (‘umulative number curves, again assuming bulk de‘nsity Ibr the 
particles. The* e*ccentricity observ(*d in th(*se‘ p{irtie*l(*s is \ e*ry marke*d and 
the ratios e)f a /> vary from about 1.2 te) 2. The* particle* volume distribu¬ 
tion is shown in Figure* 9. 


TABLF \ I 





()Bsi:avi:i) Fvktk li: ('oirNT 

1 e)a Fa 

\( 

:tio!N S-I 






INiimlM^r of 




of 

Huiik*' 



purf ic'h's 

Htiiiiirt* of 

VI 

iiiiiiii*, 

piiri irlt's 

A ' 

X 

10 

e 

COIlllttMl 

\ ■ X 

10 ^ 

roiitilt^ii 

U) 

0 

17 

0 

1 

7 0 

8 

0 

18 

i:> 


16 

0 

0 

6 0 

7 

0 

12 

11 

0 

ir> 


t 

.") 0 


0 

II 

j;t 

0 

u 

0 

7 

1 0 


0 

17 

12 

0- 

13 

0 

2 

3 0 

1 

0 

10 

11 

0 

12 

0 

r> 

2 0 

3 

0 

12 

10 

0 

tl 

0 

13 

1 0 

*■> 

0 

o 

9 


10 


it 

i 0 



1 

8 

0 

9 e 

1) 

11 









Mcjui v<ilinii(* = 3 9 

X io« \ 








M.W. 

= 2 .') X 

10« 





M.W. 

<*stiiii}it(‘(l rioiii iiiti’iiisii* > 

liscosily = 

= 

2.:. X itf' 



The background obtaine*d with the dir(*e lly shadowe'd e e)lle)die)n subsirale* 
is so rough as (o seriously limit the* me*asure*me‘nl e>f me>le‘e ule*s \\he)se* v\e*ighl 
is less than 5 X 10®, as e an be re*adily se*e*n in Figure‘s 2, ‘1, jnid a. The* fue*- 
shadoweul replie*a le*e‘hniepje* of \\ ye-kolf and Williams’® as ilhislrate*(l in 
Figure 4 unfen lunately has se*rious limitations. W'he*n ge)ld is use*d it retie u- 
late\s when exposed to the* (*l(*e'tron be*am and canne>t be e‘\pe*e te*d to give* 
reliable results. A completely s«atisfae*tory ni(‘lal has ye*t to be* found whe)se* 
stripping prope*rties and stability to the e*lectre)n be*am weeuld be* suitable* lor 
use in this technique;. 


CONCLl SIONS 

IVIole*e uiar dispe^rsions of high polyni(*rs e*an be obtaineMl fiom ve*r> dilute* 
solutioiis of the* polymer in a poor solvent by ne*bulizing the* sohitie)n into 
minute droplets of the orde*r of 2 microns radius. The* e*le*e tre)n micrographs 
obtain(*d with the\se shadow-cast spec,ime*ns show the mole*cule*s te) be* de- 
posite*d as prolate spheroids and the agre*e‘ment of the partiele sizes ob- 
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tniiied w ith tlie inoloculHr weights deterrniiied by otlxir rn(‘ili()ds shows that 
the bulk density of the polymer ean be used in reasoiiabh' approximation for 
the moIeeul(\s deposited in a virtually “dry’’ state. 

Hie nicNisurenient of mol(*(*ular wei^dits of polymers by this method is 
limit(‘d at pn\sent by t^^o factors, the resolution possible* with the electron 
mi(’roscop(* usin^^ the shadow-casting; teediniejue, and the* structure of the 
substrate* which obscur(*s the smaller particles. Since* the diamet(‘r of the 
particles (‘an be measur(*d only to within 25 A., a serious limitation is 
plac(*d on th(* accuracy of the m(*asur(*inents, particularly of the smaller 
molecules and, th(*r(*fore, r(‘ducin^^ the rou^;hn(*ss of the substrate* would 
not apfucciably improve the* method. The* method may be said to have* a 
use‘ful lowe'r limit of 0.5 X JO® at picsenl. Uoweve*r, sinec the accurae‘y 
increase's rapidly with mol(*cular w(*i^;ht, the* re*^non above I X 10*^ e-an be 
studie‘el with the* e*le‘e*tron fuicroscope and a direct method is prov ide*d 
which should be* adaptable* to a simple proce*dur(* for me*asurinj; the* mole‘cu- 
lar we*i^ht of \ e*ry hi^h w(*i^ht frae tions of polyme'rs. The improveme'ut in 
t(*(‘hnie|ue*s of jireparin^^ pre*-shadowe*d icpiicas, which would not push (town 
the low(‘r limit of us(*fuln(‘ss of this method, would at l(*ast (*nable one* to 
obs(‘r\(‘ the pr(*s(‘n(*e of the* smalle*r particle's and f;ive* a bette'i* indication of 
the* eiisiribulion of mole*cular we*i;;hts pre'sent. 

'till' aul.liors wish to Itimik Dis. A.. (Joldtu*!;; and Iv M<*r/ who vitv kindly piovideei 
sanipl(*sor I he IVaclionalt'd p(»lysl >n*iu* usod in this inve^sti^at ion. 
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Resume 

mi('rosen)p«* e'hH'troniepie* a etc' utilise pour estinu'r le poids moleeulaire de qiiatre 
traetions de polystyrene, dont les poids moleeulaires, deterininees par la methode osmo- 
ti<|ue et viseosime'trieiues, s’ehwaient a 1.8 X l0^ 1.1 X 10*’, 1.8 X 10**’, el 2.5 X 10**’. 
Leurs solutions diluees (eininni iin ptmr mille) dans le eyrloluwane out t*te de'post'es en 
lines ^outtelettt*s, de rayon approximatif de deux mierons, sur de‘s suhstrats de eollodion. 
Par proeede de (uaitraste a\<*e de rnraniiim, il a ete |)ossil)Ie d’ohservt*r la dist)ersion de 
ees partieules spheroidales ('leim*nlaires, ohtenues par cetter methode* de de^'pe)!. Kn 
suiiposant. que ('liaepie partic'iile e*sl (‘onstituee d’une inoleVule*, et epie le*ur densite pent 
elre*, e*n premie're appre>\imatie>n, eonsideTee* ej;ale a la de*nsite' du luilyslyicne en hleK\ 
fjii trouve* des f)oid.s moleetdeeires de 6.0 X 10^ 9.9 X 10^ 1.9 X 10“, et 2.5 X 10^ ce qui 
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oonrorde dans los liiiiites dVrreur adniissililes avw les valeurs obteiiuas de las pressioii 
Dsmotique et de la viscosite. Le microscope 6lecirouiqije constitiierait done*- aiiisi une 
melhode iitilisahle a la caraclerisation dcs macroiiioleciiles, donl le poids inoUHHilaire 
d^passe un iriillioii. 


Zusammenfassiin^ 

kin l^^lcklronenmikroskop wurde zur Schaelziiii#( der Molekulargewichle von vier 
PoIyslyrollVaklioiieii (die vorher dtirch osmotisclie Druckmessiin^^en iiiid Viskositaets- 
rnessungendie Werte t.8 X UK‘, 1.1 X KP, 1.8 X 10^ und 2.5 X HK’erj^aben) aii^ewandt. 
Verduenntt* lioesimgeii (0.0001%) in Cyclohexan warden in win/if?:en JVoe[)fclien (von I 
Mikron Darchniesser) anf Kolioidiiinmembranen f^ebracht. Schallenbelencbtiinf^ mil 8 
A. 1 raniuin erj^ab den notweiidi^en kontrast fuer Beolmebluiif^en der ein/elnen, kn^eU 
i‘oermijj:en Teilclien, die durcli diese Bereitiiiififsniethode erlialten warden. Wenn man 
annimrnl, dass die Teilehen einzelen Molekiiele darstellen, und dass ilire DieJite als der 
Polystyrolrnasse^deich bewertet werden kann, erf,Md)en sicli Molekular^^^wiehle von 6.0 X 
10®, 9.9 X 10®, 1.9 X HP, und 2.5 X HP, was im Berreieh des \ ersuchsirrlums mil den 
dureh os’uotiscben Drucke und \ isk(»sitaeten erlialtetien Kr^^ebnisse ;<ul iibereinstimml. 
Das klektronenmikroskop dueiTle deshalb fuer die Bewertunf< von Makrornolekiielen, 
mil M(dekularjfewicliten, die lioeher alseine Million slnd, \on Nut/en sein. 

lleceived DtHTinber 1, 1948 
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Distribution* 


F. \V. BILLMEYf]!^, JIL, E. /. da Pont de Nemours ^ Company, Poly- 
chemicals Department, Arlington, Netv Jersey, and W. H. STOCKM AYEIl, 
Department of Chemistry, Massachusetts Institute of 
Technology, Cambridge, Massachusetts 

1. INTRODUCTION 

In a r(H*eiit note, Spencer' lias emphasized the need for a relatively rapid 
and in<»\pensive method of studying molecular weight distributions of 
polymc^rs and lias sugg(‘sl(*d a simple precipitation method offering this 
possihilitv. Briefly, the* suggestc‘d (‘xperimental procedure consists of a 
s(‘ric‘s of small-scal(% single-st(*p fractional precipitations, in which increas¬ 
ing pc'rccMitages of the* total polymer are prcnipitatc'd. The rnassc^s and 
average* molec'uiar weights of all the precipitates are measured, and from 
the*se* data the* inte‘gral or diffeivntial distribution (*ur\es may in principle 
be* de*rived.‘'- 

In this paper we describe* e*\p(‘rime*ntal re*sults obtained with a number 
of polymethyl inethacry latt‘s and also present a brief theoretical discaission 
of the method. From both e*\pc»rimi*ntal and theoretical viewpoints, we 
have conclude*d that in practice this method (*annot yield a very detailed 
dt*scription of the molc*cular we*ight distribution of a polymer; but that a 
single parainete*! characterizing breadth of distribution can in fact be ob¬ 
tained with fair precision, both rapidly and inexpensively. 

IL THEORY 

A. General Considerations 

As pointed out by Speiuc*r, any convenient method for determining 
molecular weight may be used to c haracterize the precipitates. In this 
discussion, it will be assumed that v\eight-av'c*rage molec'ular v\eights are 
measured. 

Let w(M) be the normalized differential w eight distribution of the whole 
polymer; that is, let w{M) dM be the weight fraction of polymer with 
molc'cular weight in the range M to M + dM, Consider now that the 
polymer is partly precipitated from solution, under sucdi conditions that a 
fraction/(Af) of the polymer of molecular weight M is precipitated. Thus 

* Presented at the nieeling of the Division of Iti^ii Polymer Physic's, Ameriean Physi¬ 
cal Society, January 26-29, 19t9. 
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if llie whole polymer sample weighs one gram, the precipitate contains 
J{M)w(M) dM grams of molecular weight in the range M to M + dM, and 
the total weight of precipitate is: 

.r == fr/mu'm dM (I) 

The weight-average molecular weight of this precipitate is given hy 
the relation: 

■rM, = fr Mf{M)w{M) dM (2) 

As drscrilx'd ab()V(\ tho ('AprriiiKMits >iold ^allH^s of .r and for a s<‘ri(*s 
f)f pir( ipifal(‘s. \\V have' found it conve'iiient to cxpre'ss the' re'siilts in 
U'niis of a iu‘w dinu'nsionless quantity r, defined b> the eefuation 

in which M^r is the* wei^dit-av(‘rage molecular weight of the whole pol>mer, 
given by: 

Mu = fr Mtv{M)dM (1) 

In an infinit('l> sharp fraction, r is always Z(‘ro, while for a lu'te'rogeneous 
polymer : lias a finite value (except for ze'ros at jr = 0 and .r = 1) measuring 
the bivadth of the* distribution. Since/(xl/) is alwavs an incr(‘asing function 
of M, : is always positive. The experiments dexseribe'd later an‘ r(‘porl(*d 
in the form of graphs of r against .r. 

jNow, if the function/(A/) wene precisel> known for the (*xpe‘rim(‘ntal 
conditions attending eve'ry precipitation in the* se'rie‘s, solution of the* siinul- 
taiK'ous line'ar inte'gral e*quations (I) and (2) or (A) would yie'ld the dilfeTem- 
lial distribution function w(M). \(*t'dl(\ss to xsa>, de'taih'd knowle'dge* of 

/(M) is not r('adil> obtainable*, although the*ore*ti(‘al ce)nside*rations*^ ‘ or 
experinuMits with fraclieins are helpful. In any case*, we gain no furthe'r 
understanding of the* me*thod as lejiig as/(Af) is r(*garde‘d as an arbitral) 
function. 

Gre*ate*st simplicity of inte*rpretation is achie;ve*d if an e*xtr(*me* assump¬ 
tion re*sp(*cting/(V/) is adopte'd*; name'ly, that all polyme'r molevule's of 
inole'cular weight exc(*e*ding some value A/, are* in the* pre*cipilate* while* all 
smalle*!- molecule's re'inain disse>lved. For this spe'cial e^ase*, which eorre*- 
sponds to precipitation of polyme'r from infinitely dilute* solutie^n,^ ' e*ejua- 
tions (1), (2) and (3j become*; 

a-* = /m”: w{M) dM (5) 

^*M* = /m” Mw(M) dM (6) 

= A" [(M/A/„) - l]w(M) dM (7) 

where the asterisks (*), as used throughout this paper, denote (fuaiitities 
calculated with this limiting assumption for/(M). When a se*ri(\s of sue'h 
id(*alized precipitations is conside*r(*d, din’ereuitiation of e*quations (5), (6), 
and (7) yields:* 
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M, = d{x*M*r)/dx* = A/„[J + (8) 

Tlius, a plot of (1 - X*) against corresponding values of M, gives the in¬ 
tegral weight distribution, and its slope is the differential distribution func- 
lion w{M), 

Whether or iK)t tlie sp(H‘ial relations of equations (5) to (8) are valid, 
the experimental data we have obtained do not permit aec^urate evaluation 
of the distribution funetion. In fart, a statistieal analysis of some of our 



M/Mm 



1. Some itioleoular \vei|cht cHs- 
trihiilions and their z*(x*) eiir\€*8. 


e\p(?rim(Mi(s has shown that the plots of j af^ainst .r are fitted as well by a 
parabola as b> any other simple funetion. \eeordin^ to equation (8), 
the corresponding differential distribution (*urv(‘ is a nn-tangular box, 
whieli has little appeal as a means of expressing the experimental results. 
Although some improvements over the reprodiuability and precision of 
our work are doubtless attainable, we do not believe they would be suf- 
ficiiMitly grc'at to ovi'rcome this difficulty, which is fundamentally due to 
the bu t that w»(A/) is derivable only as the solution of an integral equation. 
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This means in practice that z{x) would have to be known with virtually 
analytical precision in order to obtain a w('ll-dcfined approximation to 
w{M), Similar situations in other physical problems are well known.® To 
emphasize this point further. Figure I shows several differential distribu¬ 
tion functions iv(M) and their corresponding r*(./*) (*urves, as calculated 
from equations (5) and (7). Since the examples choseui are obvioUvsly 
somewliat extreme, it is clear that the method cannot be expirh^d to dis- 
( lose any fine details of the distribution. 

Fa(*ed with this restriction to more limited results, w(‘ can proceed in 
several possible ways. 

(a) ^^e can abandon attempts to express the function w{M), and rest 
content with the z{jr) curve itself, grtadually acquiring, through siidicient 
experience, familiarity with this as a measure of distribution. Or perhaps 
we can translate th(‘ principal features of the r(j*) curve into more familiar 
(‘haracteristics of a distribution, such as several of its moments, without 
attempting to construct the complete* distrihutioti. 

(b) Alternatively, we can assume that iv(M) follows a dcTmitc* analvtic 
form involvinga small numtxT of disposable paramc'ters. \\ hen tlicxsc* param¬ 
eters are chosen to fit th(‘ observed values of r(.r), the distribution curxc* is 
obtained. The success of this method clearly d(*p(‘nds on choosing a func¬ 
tion to n*present w(M) that is l>oth sufllciently flexible* to n*s(*mble an> 
likely distributions and suiriciently tractable* analytie*ally to pe*rmit e*as> 
evaluation of z{x) from expiations (I) and (3). Proex'dure^s of this kind for 
e*valuating rnoleexilar w(*ight distributions have ofte*n be‘(*n exnplovixl, for 
(‘xarnple* by Lansing aiid Krae^mer,® Jullander," Bo>er,^ and Zimm.^* 

In the pre*se‘nt work, both methods of attack have be*e*n utiliz(‘el. In the* 
discussion following, the iel(*alized assumption for /(l/) is first t‘mplo\e*d, 
and the* e*rrors eausexl by this assumption are e*\amined late*r. 

B. 4 Single (lonvenienl ^It^asiire of Breadth of Distribution 

The (*\pe*rimental :(./*) curve's {se*e Figuivs 7 to 12) are* most d(*finile‘l> 
e haracte*rized b> the ma\iniu?n value* of r, he*re*afte*r e*alle*d II. 11 is pe)ssible 
that sufTie ie'iitly re*fine*d e\pe*rime‘ntal te*e*hni(pi(* would justifv the inve*stiga- 
tion e)f eaie e)r twe) rnene* parame*te*rs, vvhie h might well be* the* half-width of 
the curve and the value* of x at the maximum. lle)weve.*r, fe»r the pre*se*nt 
we deem it be*st te) exMifine enir attentie)n te) the* parame'ter 11. With the 
ideal assumptieui fe)r f{M), eqiiatiem (8) she)ws at e)ne*e‘ that has its 
maximum when Thus, from equation (7): 

H* = ML [(W/M„) - \]wm dM (<)) 

It is seen tliat II* is an incomplete first moment of tin; distribution about 
the point M„, restricted to values of M greater than 'V/„. By use of ecjua- 
tion (4), the above relatie^n e^an also be written: 

H* = y:"” [1 - (M/MJMM) dM (10) 

which is now^ the ine*omplete first moment about Mu> restricted to values of 
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M less than A/,,,. CJ(^arl>', II* is a well-defined, if perhaps unfamiliar, 
measure of the breadth of a distribution. Ihc experimentally observable 
quantity // is of course only an approximation to //*, but, as will be seen 
lat(‘r, a fairly satisfactory (\stimate of H* can be made. 

More familiar (‘xpressions of distribution breadth in polymers an' the 
ratios and MJM involving the number-, w<uf?ht-, and z-average 

mol(‘cular weights. I*nfortunately, knowh'dge of //* does not uniquely fix 
M,/M„ or /'V/,/ W„,, and vice versa, so that to (\stablish a relationship we 
must resort to the us<^ of spc'cial forms for 

Spefda] liislributions 

Since the e\pc‘rim(*ntal data (tan b(‘consider(*d to yield only one parameter 
(//) with ac(‘urac>, an analytical expntssion chosen to repn^sent w{jM) must 
similarU contain just one disposabh' constant. TIh^ function b(‘st (combin¬ 
ing tractabilit.v and plausibility is the familiar (*xponential form:®~^^ 

uiM) dM = n = (n + ]).V///l/„ « > 0 (11) 

r(ri + I) 

Distributions of this t\pt' have fr('(|ii('ntly Ix^en d(M‘iv(‘d tlu'onjtically. 
Thus, for ;/ = 1 the above* distribution is that pr('di(‘t(‘d for linear condensa¬ 
tion polyiiK'rs’* and for addition polymers^- made at k)w (‘onversion (or 
und(‘r (onslant environiiK'iit (*onditions) with chain termination by radical 
disproportionation or by (*hain transf(*r.^^ The case n = 2 (orresponds to 
low-con\ersion addition polymers with termination by radical (combina¬ 
tion.’*^ Higher value's of n are prc'dictc'd for certain sp(c(‘ial typers of 
branched polMin'rs’** *’ and also s(*rve to dc^scribe fractions.® 

\alu(‘s of :* and ./** are n'adily found by substitution of equation (11) 
into (*(|uations (5) and (7). (airves of r*(j'*) for n = 1, 2, and 5 are shown 
in rigiin* 2. Analytical ('\pr(\ssions for //* and for the rnoh'cular weight 
ratios ]/„ and M, M are given in Table I. From th(*se ('xpressions a 
plot of II* against MM„ has b(*en constructed, as shown in Figure 3. 
Many of the polvrners (*\p('rimentally studied gave II valiu's corrc'sponding 
to distributions w ith u n(*ar 1 or 2, as expc'ctc'd from their origin. Howev(cr, 
the largest value of //* p(»rmilted for this type of distribution is \/e = 
0.368 (lor n = 0), wliih* higher value's of II are sometinu's obsenved (sec 
I able' II). 3 hu.>, e(|uation (II) is not sufli('ient to deal with all polymers, 
and otlu'r forms must sometimes be used. 

The other distributions we have treate^d are listed in Table I. TJie log¬ 
arithmic; normal form of Lansing and Kraemer:® 

uiM) = y = (1/« In {M/M,) (12) 

1/A = 

gives a mu('h larger range of H* vah/es (up to unity), and a rather different 
relation of II* to MJMn- This distribution providc's for fewer very small 
rnolex’ules than would be expected in any unfractionated synthetic polymer. 
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However, it might be used to describe high-conversion polymers that have 
been reprecipitated repeatedly to remove the fractions of lowest molecular 
weights* 


1 



Fig;. 2.curves for the exponen- Fig. 3. The relation between li* 
tial distribution. Starting from top, > and MJM^ for various distributions: 
curves for n » 1, 2, and 5. Broken A, exponential; B, Lansing-Kraemer; 
line is the locus of possible values of C, two-component exponential; D, 
H*. rectangular. 

TABLE I 

Characteristics of Various Distribution Functions 


Distribution 

M„/M„ 

M,/M„ 

A. Exponential, equu- 

ra + 1 

n + 2 

lion 11 

n 

n + 1 

B. Lansing-Kraenier, 


j0.5@* 

equation 12 



C. Two-component 

(1 + «)* 

3(«* + 1) 

exponential. 

2a 

(1 + «)* 


equation 13 

D. Rectangular^ equa- 2-^^/ 1 H- a \ ^ a® 
, tioii 14 2o \1 — 0 / "^3 


Vr{ri + 2) 


i r«4-3 

26La + 1 




•f 




a 

4 


A distribution of possible merit in dealing with higli-i^Donversion addition 
polymers is a two-component exponential fonn: 

w{M) « V 2 XW(er^^ + (13) 

corresponding to equal parts by weight of two simple exponential distribu¬ 
tions, each with n = 1. Many objections can easily be raised to this some- 
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what artificial expression, but it remains a relatively simple form with just 
one disposable parameter a. It should be noted that this distribution 
possesses but a single maximum, whatever the value of a. 

The final distribution considered is the highly artificial rectangular box: 

w(M) - ]/(2aM^) for (1 - a) Z M Z Af(1 + a) (14) 
^ 0, elsewhere 

This case is included only to examine further the sensitivity of to the 
form of the distribution curve for a given value of Mu,/Mn» As seen in 
Figure 3, this sensitivity is small when the distribution is narrow. Thus, 
for Mw/Mn < 1*5 there is very little difference between the exponential 
and box distributions, and even the Lansing-Kraemer curve is not markedly 
different up to this point. The exponential distribution is of course the 
most plausible because of its theoretical background, and we have preferred 
to use it for all polymers yielding //* values of 0.27 (corresponding to n = 1) 
or less. For broader distributions, the several functions differ considerably, 
and there is less theoretical support for any one function. Further discus¬ 
sion of these cases is deferred until the experimental results are considered. 

D. Fractionation Errors 

As earlier staled, an exact treatment of the experimental data would 
reejuire (omplete knowledge of the fractionation-factor /(M), which de¬ 
scribes the partition of each polymeric species between precipitate and 
solution. For our purpose, it is sufficient to consider the difference between 
tli(‘ maximum value //* of the idealized function 2 *(x*) and the maximum 
value H of the experimental z{x) curve. Fortunately, it is necessary to 
make only one very general assumption respecting/(M) in order to achieve 
a satisfactory estimate of this difference. 

Current theories of polymer solutions®’* indicate that the equilibrium 
distribution ratio of a polymer species between two phases is an exponential 
functioTi of molecular weight within a homologous series of polymers; that 
is: 


In (c'A) = olM (15) 

where c' and c denote volume (concentrations, in precipitate and solution 
respectively, of the polymer species of molecular weight M. The coefficient 
a depends in a complicated way on temperature and on the concentrations 
of all species in each phase, but this dependence need not be considered here. 
The justification of equation (15) is not based exclusively on theoretical 
considerations; it can be deduced by means of the Gibbs-Duhem equation 
from the experimental principle that osmotic pressures of polymer solutions 
depend on molecular weight only through the ideal van’t Hoff term RTc/M. 
This principle, though not exact, receives general experimental support 
except for very'high polymers, for which deviations are also expected on 
theoretical grounds.^® In any case these deviations would only reduce the 
dependence on molecular weight to an effective power somewhat less than 
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the first. Thus, while no very direct evidence exists for equation (15), it 
may be used with some confidence. 

If now the actual volumes of precipitate and solution are V and F, re¬ 
spectively, the function/(M) is seen to be:**^ 


/(M) = c'Y'ticV + c'V) = re“"/(l + (16) 

with r = V'/V. The unknown factor a can be eliminated by expressing it 
in terms of the molecular weight M« of that polymer species which is just 
half precipitated. By setting/(M*) = '/j, one obtains: 

aM, = In (1/f) (17) 

Thus, for precipitation from very dilute solutions a would approach zero, 
/(M) would approach the step-function previously used, and would be¬ 
come identical with M,. 



Fig. 4. Fractionation on pre- 
cipitJition. Solid lines t upper, 
whole polymer; lower, precipi¬ 
tate (equation 16). Broken line, 
precipitate (equation 18). 


With equations (16) and (17) and a chosen value of r, calculations of z(x) 
can be made by means of equations (1) and (3) for any chosen distribution- 
function w{M), However, the form of equation (16) is not such as to yield 
simple analytical expressions for z and x. Consequently, we have made 
more use of the linear form: 

/(M) = 0 for M < M, (1 - 6) 

- V 2 + (M ~ Mc)/2bMc for M^l ~ 6) Z M Z M^l + 6) 

(18) 

- 1 for M > Mg (1 + 6) 

This approximation gives adequate resemblance to the predictions of equa¬ 
tion (16) if the parameter 6 is properly chosen. We have arbitrarily re¬ 
quired the two functions to give identical values for /(M) =0.1 and 0.9, 
and thus obtained the relation: 

b - (log 9)/0.8 log (1/r) = 1.2/ log (1/r) (19) 

In our experiments, tfie dilution is such as to m aintain the value of r at 
0.01 or less. Consequently, an estimated value of 5 - 0.5 appears reason¬ 
able. 
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In Figure 4, lliese concepts are illustrated for a precipitati(m frcHU an 
exponentially distributed polymer (n =» 1), with Af, » M„. The upper 
full curve shows the distribution-function w(M) of the whdte polymer, and 
the two lower curves give the distribution in the precipitate, fiM)w(M). 
Of these, the full curve was calculated from equations (16) and (17) with 
aMol2.i = 2.4, and the brdcen line curve frtan equation (18) with b 0.5. 
The two curves are related through the condition of equatimi (19). It 
is seen that except for very low polymer species the error made in umng 
equation (18) is not large. This has been confirmed by severtJ calculations 
of z and x. 

Independent justification for the choice b =* 0.5 is fmmished by the ob¬ 
servation that in the above example the precipitate distribution/(Af)tr(M) 



Fig. 5. s(x) for the exponential distri- Fig. 6. H and H* versus for 

button (re •• 1) and several values of b. the exponential distribution. 


can be closely approximated by an exponential distribution with n = 5. 
Exactly this distribution was recently chosen by Zimm* as descriptive of a 
singly precipitated and large polymer fraction. 

For the exponential distributions of equations (11), a number of calcula¬ 
tions with equations (1) and (3) have been made. Working first with the 
familiar case n = 1, we found that H could be evaluated with negligible 
error by setting equal to M„, at least for all values of b up to unity. For 
n = 1, the complete z(x) curve with 6 = 0.5 is shown in Figure 5 compared 
to z*{x*). It is seen that H is about 0.25, as compared to H* * 0.27 for 
this distribution. For arbitrary values of n, H was calculated appron- 
mately by expanding in series and neglecting powers oS. b beyond the third. 
The simple result is 

H* - H in -1- 1)6* 


H* 


6 


(20) 
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which gives exceQaat agreement with the more cmnplete crdcuktioDS for 
the case n — 1. 

Equation (20) permits the translation of observed values of i? in values 
of H*, provided 6 is known. As stated earlier, we estimate 6 •• 0.5 for our 
experiments, and this figure receives some support from tire data, as will 
be seen. In Figure 6, a curve of if as a function of M«/M„ for the exp<Hien> 
tial distributions is shown, for b « 0.5. It is seen that the difference be¬ 
tween H and H* is greatest for the sharper distributions, but amounts to 
only 0.02 or less for unfractionated polymers. 

Again to investigate dependence on the detailed form of u>(Af), calcula¬ 
tions for the box distribution and for one example of equation (13) were 
also made. As might be expected, the magnitude of {H* — H) depends 
noticeably only on the values of b and H* and not on any further detail. 
For values of H above 0.25, a uniform correction (to the nearest hundredth) 
of 0.02 is obtained. 

It is to be noted from equation (20) that the correction to H is propor¬ 
tional to 6®. Thus, for the present method no less than for more complete 
fractionations, work with dilute solutions is imperative. 

E. Other Molecular Weight Methods 

The foregoing discussions are based on the supposition that weight-aver¬ 
age molecular weights of the whole polymer and the separate precipitates 
are measured. If number averages are determined, the analysis need not 
be repeated. It is only necessary to replace w{M) by the number- or mole- 
fraction distribution N{M), Ma by M*, and M, by A/„, wherever these oc¬ 
cur. Correspondingly, the weight of the precipitate is given by the quan¬ 
tity xMx, the precipitate containing x moles of polymer and having a num¬ 
ber-average molecular weight M,. It should be pointed out, however, 
that the low-molecular weight “tail” of the precipitate,* as seen for example 
in Figure 4, causes much larger differences between H* and H if number- 
average rather than weight-average molecular weights are measured. 

III. EXPERIMENTAL 

A. Preparation of polymers 

Three sets cff methyl methacrylate polymers were used in the distribution 
{Oiperiments. One series was dispersion polymerized, with benzoyl peroxide 
as catalyst, at nearly constant temperatures in tiie neighborhood of 100 °C. 
This method of polymerization, in which the methyl methacrylate mono¬ 
mer is dispersed in the form of small droplets in water, has been described 
fmd discussed from a kinetic standpoint by Trcnmnsdorff.** Hiese poly¬ 
mers are designated A-D, H, K, 0, and P. Polymer Y also was made in 
this way but had been dissolved in acetone and precipitated witii metiianol 
bdrwe being used; the oth^ had no preliminary teeatment. Polymer M 
was a fraction from polymer H. The fractionation was carried out some 
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time ago in this iabwatory''' by precipitation of the polymor from acetone 
solution by the addition of hexane. The sample was 8q>arated into twelve 
primary fractions, of which M was one. It contained some fourteen per 
cent of the total material. 

Two other sets of polymers were made by a bulk idiotx^polymeiizati(m 
technique similar to that used by Cohen.” Pdymers T and W were pre¬ 
cipitated from the partially polymerized monomer at conversions of about 
fifteen per cent by the addtion of methanol. Polymers E, X, and Z weaie 
prepared by allowing similar polymerizations to go to completion. Unpub¬ 
lished work done in this laboratory has indicated tiiat these photopdy- 
merizations follow the kinetics described by Trcanmsdorff,** Schulz and 
Harborth,” and Tong and Kenyon** for thermally initiated reactions. 
These polymerizations were not isothermal. 

Two other polymers, L and B-C, have been included in the discussion 
(despite the fact that details of their preparation are not at hand) because 
of the availability of measmements of molecular weight made upon them. 

B. Reagents 

Acetone and methanol were Mallinckrodt’s Analytical Reagent grade. 
Hexane (normal) was obtained frc»n the American Mineral Spirits Com¬ 
pany and was distilled through a Vigreux column before being used. Molec¬ 
ular weight measurements made at this laboratory were run in reagent- 
grade ethylene dichloride obtained from Paragon Testing Laboratories 
(now Paragon Division of The Matheson Company, Inc.). 

C. Viscosity MmsuremerUs 

(Viscosity and light-scattering measurements were made in this labora¬ 
tory by A. M. Trzcinski.) These were carried out in ethylene didiloride 
solution in modified Ostwald viscometers at 25 “C. Corrections few 
kinetic energy and shear rate were found to be insignificant; efflux timea 
for tile solvent were over 200 seconds. At first, intrinsic viscosities w^e 
estimated from measurements at several concentrations and extrapolation 
of the functions ri^/c or In ijr,i/c to zero concentration; later the functions 
described*® by one of us to estimate intrinsic viscosity were used. 

D. Measuremenis of Light Scattering 

The viscosity-molecuto weight relationship for polymethyl methacry¬ 
lates in ethylene diohloride has been investigated in this laboratcvy 
liiht-scattering equipment developed by one of us (F. W. B.). It is hoped 
to publish the details this work later. The resulting equation, M «= 3.8 X 
10®[n]''*, was used to convert viscosities to molecular wei gh ta. Fw pdy¬ 
mers whose molecular weight was not determined directly by light scatter¬ 
ing, the viscosity-avwage mdecular weights from this formula have beoa 

• “This lalMwatory” denotes the Chmnical DivkioaLAboratoryi^tfaePolydieniioah 
D^MVtiaeQt, E. I. da Pont do Nemoivs & Caiapaay, at Artington, New Jersey. 
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converted to weight-average molecular weights by computations based 
upon the distributions of equation (11) (for M^/M^ < 2) or equation (13) 
(for MJMn > 2), using the value of MJMn estimated from H*. 

E. Measurement of Osmotic Pressure 

Some measurements of osmotic pressure were carried out by H. C. Lau- 
terbach and D. L. Cleveland of the Massachusetts Institute of Technology, 
Plastics Research Laboratory; others by J. B. Nichols at the Chemical 
Department, Experimental Station, E. I. du Pont de Nemours & Company. 
Eacli group made measurements on benzene solutions of the polymers in 
small osmometers similar to those des(Tibed by Zimm and Myerson*-'* 
(at M. I. T.) and by Sc.hulz^® and Ewart®^ (at du Pont). 

F. Fractionation Procedure 

The experiments were run with the polymer dissolved in acetone and with 
hexane as the precipitJint. It is quite possible that other solvent-precipi¬ 
tant systems (notably benzene^^yclohexane) might b(^ more suitable. No 
<‘ltbrt was made to explore these* possibilities. 

The polymer solutions were made up to approximately 1 grams per 100 
(^c., except for polymers of v(*r> high molecular weight, whi(‘h were used in 
more dilute solutions. The exact concentration w as determined by evapo¬ 
rating portions to drym*ss. These solutions w ere furth(?r diluted 1 : 1 (if IcwSS 
than half of the total polymer was to be precipitat>ed) or 1:8 (if more tlian 
half) with the additional a(^etone added in whole or in part to the hexane. 
The size of the sample was dictated by the r(*quirenient that suflicient 
polymer be precipitated for the subsequent v iscosity measurement. 

A few ruris, for example on polymers A-D, E, and H, were carried out 
over the whole range of pret ipitation from x = 0 to r = I. Later, when it 
was found desirabh* to obtain H instead of the whole curve, only a few' ex¬ 
periments designed to fall between x = 0.25 and x = 0.65 were run. With 
experience it was possible to predict the proper amount of hexane to use; 
otherwise some preliminary experiments were performed. 

The stock solutions and acetone-hexane mixtures were warmed to about 
40®C. and mixed. The efficiency of the separation and the accuracy of the 
experiments are without doubt dependent upon the manner in which the 
precipitation is carried out. Every effort was made to mix the solution 
slowly and evenly and to avoid agglomeration of the precipitate. Working 
in dilute solutions and at a temperature above the final one, and diluting 
the precipitant with a(;etone, were all steps in this direction. The actual 
precipitation was carried out by adding the precipitant dropwise from a 
buret into the violently agitated solution. 

The flasks then stood 24 hours at 25®C., after which the supernatant 
liquid was removed, and the polymer dissolved in a small amount of acetone 
and reprecipitated in a finely divided form by adding ten volumes of 
methanol. It was dried overnight in tared porous porcelain crucibles in a 
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vacuum oven at 80 ®C. and weighed. Samples were then removed for the 
viscosity determination. 

A polymer sample of four to six grams was used. The total elapsed time 
for one sample was three working days, but a number of samples could be 
run vsimultaneously, particularly by starting them on subsequent days. 

IV. RESULTS 

The experimental results for fourteen polymethyl methacrylates are 
summarized in Table II and in Figures 7 to 12. The table gives the weight- 
average molecular weight of the sample (by light scattering when available; 
otherwise by \is(!Osity); the value of H from the distribution experiments; 
the value of H* estimated from H through Figure 6, and using a uniform 
(correction of 0.02 for all high values of //; the corresponding value of 
Mu>/Mn derived from Figure 6 (which assumes the exponential distribu¬ 
tion) for all //* below 0.27 or from curve C of Figure 3 (which assumes the 
two-(;omponent exponential distribution) for all greater values of //*; 
the osmotic molecular weight Mn when available; and in these c'ases the 

TABLE II 

Molecular Weight Distribution Data for Polymethyl 
Methacrylates 

M^/Mn 


Polyinwr 

Mw 

H 

n* 

from m 

Mn 

Mfp/ 




A. FRACTIONATION 




153,000 

0.12 

0.16 

1 2 

126,000 

1.2 

11 

220,000 

0.31 

0.33 

2.6 

— 

— 



B. 

DISPERSION 

POLYMERS 



Y6.r 

185,000 

0 21 

0.26 

1.9 

(71,000) 

(2.6) 

o 

163,000 

0.26 

0 28 

2 1 

— 


p 

192,000 

0.27 

0.29 

2.2 

- 

__ 

k 

186,000 

0.29 

0.31 

2.3 

— 

—r 

AD 

150,000 

0.35 

0 37 

3 0 




C. PHOTOPOIAMERS, LOW CONVERSION 


r 

156,000 

0.24 

0 26 

1.9 

73,000 

2.1 


178,000 

0 25 

0 27 

2 0 

98,000 

1 8 



D. PHOTOPOLIMKRS HIGH CONVERSION 



X 

2,050,000 

0.35 

0.37 

3.0 

— 

— 

/ 

1,440,000 

0.45 

0.47 

6.0 

174,000 

8 3 

E 

715,000 

0.48 

0.50 

10.0 

— 

— 



E. MISCELLANEOUS 1 

POLYMERS 



L 

130,000 

0.25 

0.27 

2.0 

64.000 

2.0 

B-C 

125,000 

0.23 

0.25 

1.8 

64,500 

1.9 


® Viscosity was measured in benzene at M. I. T. The molecular weight was calculated 
by an equation derived at M. I. T. from osmotic pressure work on a fractionated polymer. 
* 1’his polymer had been dissolved and reprecipitated before being used. 

® The values in parentheses are considered douotful. 

** These osmotic measurements were carried out at du Pont; tlie others at M. 1. T. 
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ratio M„/Mn calculated from the osmotic and light-scattering measure¬ 
ments. In the figures the solid lines represent smooth curves through the 
experimental points, and the broken line represents the theoretical curve for 
the exponential distribution with n = 1 and b = 0.5, for purposes of com¬ 
parison. 


A. Fractionation 

Tlie experiments on the parent polymer, H, and its fraction, M, show 
clearly that the method gives results which are qualitatively correct. M 
has a distribution just about as wide as might have been expected from its 
origin, and there is good agreement between the value of Mv>/Mn from di¬ 
rect measurement and that derived from //* assuming the exponential-type 
distribution function. 


B. Dispersion Polymers 

The distribution breadths of these polymers are not unreasonable in 
view of the kinetics reported for this type of reaction.Polymer Y 
has a distribution somewhat narrower than those of the others, reflecting 
the preliminary solution and methanol precipitation it had received; other 
work in this laboratory has sJiown that a considerable fraction of the poly¬ 
mer with molecular weight below 30,000 to 50,000 is left in acetone solution 
on the addition of methanol. The points for Polymer A-D represent two 
sets of experiments within each of which the exact methods of precipita¬ 
tion were varied somewhat in an effort to find the optimum conditions. We 
believe that this accounts in part for the spread in the experimental points. 

C. Low-Conversion Photopolymers 

These polymers are of particular interest because of the possibility of 
predicting in advance the values of to be expected. If, as Wales 

et al.^^ suggest, the chain termination takes place by radical disproportiona¬ 
tion, one would expect polymer formed initially to have M„/Mn — 2; and 
this value should increase slowly up to the point where the explosive in¬ 
crease in reaction velocity occurs. Thus, these photopolymers which were 
taken from the reaction mixture at low conversions might be expected to 
have Mto/Mn near 2. Both measurements of H and direct measurements 
of My, and bear out this expectation. 

D, High-Conversion Photopolymers 

The tremendous increase in distribution breadth accompanying the ex¬ 
plosive reaction described by Schulz^* and Trommsdorflf^® is well exemplified 
by these polymers. 

We believe that the peculiar double-peaked distributions for tliis type of polymer 
Trominsdorff has reported are probably not real. 

The concept that these polymers are made up, broadly speaking, of two 
exponential-type distributions arising from the polymer formed before and 
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Fig. 7. Experimental z{x) curves for 
a fraction, M (#), and its parent poly¬ 
mer, H (0)‘ 



Fig. 9. Experimental z(x) curves for 
some dispersion polymers. poly¬ 
mer K; Q, polymer P; #, polymer 
Y. 



Fig. 11. Experimental z(x) curves 
for some high-conversion photopoly¬ 
mers. 0« polymer £$ O, polymer Z; 
#, polymer X. 



Fig. 8. Experimental z(x) curves 
for some dispersion polymers. Ot 
polymer A-I>; #, polymer O. 



Fig. 10. Experimental s(x) curves 
for some low-conversion photopoly¬ 
mers. 0» polymer W; #, polymer T. 



Fig. 12. Experimental z{x) curves 
for some misc^aneous polymers. Ov 
polymer B-C; polymer L. 
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after the explosive increase in reaction rate gives some theoretic'al justifica¬ 
tion to the use of the two-component exponential distribution (equation 13) 
in computing MJMn from for these polymers. A.nd the fact that for 
Polymer Z this value of M^/Mn is in gcK)d agreement with that obtained 
from the weight- and number-average molecular weights is in line with this 
reasoning. A further piece of evidence on this point is the observation of 
Lauterbach,^® based upon fractionation experiments, that MJM^ for a 
thermally initiated (peroxide-catalyzed) high-conv ersion polyrnethyl 
methacrylate is between 7 and 8. 

We wish to thank R. S. Spencer for coininunicatinK to us privately the contents of his 
note! (xmeerning this method, and we wish to thank for their assistance in making the 
measurements of osmotic pressure and light scattering the following: Miss A. M. IVzcin- 
ski of the Polychemicals Dept, and Miss B. L. Prit‘,e aiid J. B. Nichols of the Chemical 
Department of the du Pont Company, and Mrs. D. L. Cleveland and II. C. Lauterhach 
of the Plastics Research Lalwiratory, Massachusetts Institute of''rechnolf>gy. 
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Resume 

lOn sa basant sur une suggestion de Spencer, une rn6thode dVstirnation de la largeur 
de la distribution des poids rnol^culaires d’un haul polym^re a et6 61abor6e. Une solu¬ 
tion de polym^re est divis6e en parties aliquotes, et une partie du polym^re est pr6cjpit6e 
dans chaque aliquote par addition d’un non-solvant, de telle sorte que toute la gatnme 
est couverte depuis la solution complete jusqu’ll la precipitation totale. Le poids et le 
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poids mol^Gulaire moyen en poids de chaque pr4cipit4 sont d^termin^s. De ces r^sal- 
tats, la largeur de la distribution est estim^ en fonction d’un paramdtre H, repr^sentant 
r^cart de la distribution de celle d*une esp^ moleculaire simple. Dans la partie th^ori- 
que, H est rapport^e k d*autres paramdtres de la largeur de la distribution, tels que le 
rapport Mw/Mn, pour quelques functions de distributions, analytiqueraent bien con- 
nues. Une serie d’exp^riences avec le polym^tbacrylate de m^thyle est d^crite et les 
r6sultats sont discut6s en rapport avec la cin6tique de polymerisation. Des determina¬ 
tions de pression osrnotiqiie et de la diifusion de la lumiere ont ete effectuees pour T- 
evaluation directe de MwIMn- Ces valeurs se rapprochent des valeurs M^/Mn obtenues 
au depart de IL Les erreurs possibles, tant du point de vue theorique que du point de 
vue experimental sont discut eos. 

Zusammenfassung 

Auf den Vorschlag von Spencer gestiitzt, wurde eine Methode zur Abschatzung der 
Brcite der Molekulargewichtsverteilung eines Hochpolyraereii angegeljen. Eine Poly- 
merlbsuiig wird in gleiche Portionen geteilt und das Polymer in jeder Portion durch 
Zugabe von Nichtlosungsinitteln teilweise ausgefallt, sodass der Bereich von vblliger 
Ijdsung bis zu volliger Fiillung ausgefiilit ist. Die Menge und das rnittlere Molekularge- 
wicht (weight average) wurde von jedem Niederschlag gernessen. Aus diesen Daten 
wird die Verteilungsbreite abgeschlitzt, ausgedriickt durch einen Parameter //, der die 
Abweichuug dieser Verteilung von der eiiier einheitlich molekularen Art darstellt. Im 
theoretischen Toil wird // zu anderen Parametern der Verteilungsbreite in Verbindung 
gebra(!ht, z.B. Mu/Mn. fur einige wohlbekaimte analytische Vcrteilungsfunktionen. 
Eine lleihe von Versuchen mit Polyniethyl-methacrylaten ist beschrieben, und die Re- 
sultate werden mit Bezuguahme auf die Polyrnerisationskinetik diskutiert. Bestirn- 
mungen des osmotischen Drucks und der Lichtstreuung wtirden ausgefiihrt, um Mu,/M„ 
direkt zu bestimmen. Diese Werte sind gut init aus II geschatzten Mv,/Mn Werten 
vergleichbar. Fehler(piellen in der theoretisc^hen als au(di in dor praklis(*,hen Behandlung 
werden diskutiert. 

Received April 1, 1949 
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Concentration Dependence of Diffusion of Chloroform 
in Polystyrene 

Crank and Park^ have recently calculated the diffusion coefficient for 
chloroform in polystyrene from the rate of sorption and desorption. As is 
typical in diffusion experiments, the concentration varied from point to 
point in the specimen so that the diffusion constant calculated is an average 
value. By mathematical analysis of their data, however, they were able to 
calculate to a reasonably good approximation the actual concentration de¬ 
pendence of the diffusion constant. 



< Fig* 1* DilTusioii of cHloroform in poly* 
styrene (data of Crank and Park). 

We were recently concerned with this same problem in connection with 
the diffusion of plasticizers in polyvinyl chloride.* By assuming that the 
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diffusing molecule encountered a local viscous resistance, which varied as 
the melt viscosity of the polymer-solvent mixture, we obtained the rela¬ 
tion: 

lOgZ) = A - (1) 

where D is the diffusion constant at a given concentration, W 2 is the weight 
fraction of polymer, and A and B are constants. Figure 1 shows the appli¬ 
cation of this equation to the calculated data of Crank and Park. The fit 
of the points is not as good as would be desired, but on the whole describes 
the behavior fairly well. A plot of log D versus weight fraction of polymer 
is somewhat poorer. As Crank and Park show in the ac^companying letter, 
log D is linear in the volume fraction of plasticizer, and this is mathemati¬ 
cally equivalent to equation (1) at low concentrations of plasticizer.* 
The fact that equation (1) has now been shown to apply to two sets of data 
suggests that it merits further attention for describing the functional de¬ 
pendence between diffusion and concentration. Moreover, this ecjuation 
emphasizes how strongly the diffusion constant does increase with solvent 
concentration, and, hence, the necessity of allowing for this variation in 
treating experimental data. 
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We are indebted to R. F. Boyer for allowing us to see his letter on “Con- 
cientration Dependence of Diffusion of Chloroform in Polystyrene” prior 
to publication and we take this opportunity to mention the results of some 
further work carried out by one of us (G. S. P.). 

Using the same experimental technique but graphically better methods of 
analysis, diffusion coefficient-concentration curves have been obtained for 
methylene chloride, chloroform, carbon tetrachloride, methylene bromide, 
bromoform, and methyl iodide in polystyrene. These results have all been 
shown to fit the expression: 

log Z) = a 

where a and are parameters, D is the diffusion coefficient and is the 
volume fraction of the diffusing molecule. This expression and the ex¬ 
pression : 


log D = A -f 
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given by Boyer can be shown with a fair degree of approximation to be 
mathematically equivalent forms over the range of concentrations con¬ 
sidered. This means in effect that the general behavior of all our diffusion 
coefficients so far obtained is consistent with the prediction based on the 
Flory expression for melt viscosity, though as yet the agreement has not 
been examined quantitatively. 

A full account of this work will be published elsewhere. 

Received September 12, 1949 J. Crank 
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Viscosities of Very Dilute Polymer Solutions 

In determinations of intrinsic viscosities, extrapolations are often made 
from a concentration range in which hydrodynamic interaction is pro¬ 
nounced since the average intermolecular distarujes are comparable with the 
molecular dimensions. In connection with the theory of the concentration 
de{)endence,^ there is interest in the behavior at extreme dilution. A con¬ 
cave downward trend in the plot of riip/c vs, c at low concentration has been 
reported.^ "' This suggest s careful examination of the viscosity of solutions 
at concentrations well below the limit of 0.1% ordinarily used for polymers 
of molecular weight 10^ to 10®. 

With tliis in view, we report a few results obtained with toluene solutions 
of a polystyrene fraction with molec^ular weight = 500,000 in the con¬ 
centration range from 0,017 g./dl. upward. (The molecular weight was 
determined osmotically by G. A. Hanks.) 

The viscometers used w ere of the libbclohde suspended level type, modi¬ 
fied by expanding the reservoir to permit successive dilutions in the vis¬ 
cometer.^ The two viscometers used for the lowest concentration (Ji and 
Ji, see Fig. 1) were fitted with a filtering and dispensing unit,® eliminating 
artifacts which might otherwise arise from occlusion of the capillary by 
foreign particles. Because of the long flow times for toluene in viscometers 
Ji and J? (467.8 and 369.8 sec., respectively), kinetic energy corrections^ 
were unnecessary. The other viscometers were calibrated and kinetic 
energy (corrections applied. The maximum vekHity gradients in the Ji 
and J 2 viscometers were less than 1800 sec.~^; in the R, S, and G, less than 
1250 sec.“^; and in the L/ 2 , less than 435 sec.~^. 

The results of the viscosity measurements are shown in Figure 1 as a 
plot of risp/c vs, c. It might be of interest that the curve can be adequately 
represented up to c = 3 by a Baker type of equation: 
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REDUCED SPECIFIC VISCOSITY VERSUS CONCENTRATION 



The insert exhibits a magnified portion of the low concentration region. 
The linear portion is based on a least squares calculation involving only the 
points for 0.1 < c < 1.0 g./dl. The points for concentrations below 0.1 fit 
onto the line so drawn with no apparent systematic deviation and certainly 
show no downward trend. At the low velocity gradients employed in the 
critical concentration range (1800 sec.^^), orientation effects are negligible 
for this polymer sample. The assessment of any deviations from linearity 
at these and higher dilutions requires more precise viscometry. 
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The Colloid Chemistry of the Silicate Minerals. C. E. Marshall. 
Academic Press, New York, 1949. 195 pp. Price $5.80. 

This volume is the first in a series of monographs prepared under the auspices of the 
American Society of Agronomy. It is also the first book in recent years devoted to this 
special field. The “Table of Contents** immediately makes the reader aware of the dif¬ 
ferent aspect with which the general subject of clay and silicate minerals has been 
treated. The first chapters develop the concepts of the structure of the silicates and 
bring a short survey of the relation between the colloidal properties and the structure. 
The discussion then turns to such phenomena as adsorption, clay acids, ionic exchange 
reactions, and electrokinetic properties of clays; again the structures of the silicate min¬ 
erals are used as basis for the explanation of these reactions. Chemical analysis of the 
minerals is considered critically and in the light of their structural configuration. Its 
usefulness along those lines is demonstrated. The chapter on size and shape of clay par¬ 
ticles is of interest because of its discussion of the electron micrographs obtained from 
the majf)r representatives of the silicate mineral groups. 

In general, the text is clear and comprehensive and will serve well to introduce the 
reader to the intricacies of this subject. The book is well written and shows perspec¬ 
tive. It should awaken the reader*s interest for further study. Some of the subjects, 
such as, for example, electrochemical properties of clay films, adsorption, and exchange 
of organic ions could have profited by greater elaboration. The subject of thixotropy 
lacks in many references. I'lie reproductions of several of the very elaborate clay models 
are not always clear enough to permit the detailed study of the structure. Possibly a 
different kind of reproduction would have been more easily understcmdable. 

Dr. Marshairs book is recommended to the polymer chemist. It will supply the 
fundamental principles of the repetitive structure of silicate minerals and be useful for 
any further work on combinations of the latter with organic polymers. In addition, 
the logical grouping of the subject and the clear style of writing make for enjoyable 
reading. 

D, S. le Beau 


143 




JOURNAL OF POLYMER SCIENCE 


VOL. V, NO. 2, PAGES 145-158 


Ultraviolet Absorption Spectra of Actomyosin. I 

E. SCHAIJENSTEIN and E. TREIBER, Institute for Theoretiml and 
Physical Chemistry, The University of Graz, Austria 

INTRODUCTION 

The application of ultraviolet absorption spectrophotometry to high- 
molecular fibrous proteins seems tempting in many ways: first, because it 
offers the possibility of a quantitative analysis of absorbing amino acids 
like tyrosine, tryptophan, histidine, or phenylalanine, etc. as an important 
control of chemical methods; second, because it seems possible that the 
absorption spectrum opens new insights regarding the inlluencc of swelling, 
stretching, or contraction on the chromophore systems of proteins. The 
method of absorption spectrophotometry may therefore be placed between 
the physical and the chemi(*al investigating methods with regard to the 
results to be expected from its application to fibrous proteins. 

The first material chosen was actomyosin, the fibrous protein of cross- 
striated muscles. No quantitative absorption measurements of exactly 
defined preparations of actomyosin could be found in the available litera¬ 
ture, except two short abstracts in Chemisches Zentralblatt,^*^ unfortunately 
without any numerical data. 

DEFINITION OF MEASURED PARAMETERS AND MEASURING 

TECHNIQUE 

According to proposals in the recent hterature:'^ if = intensity of 
incident light and = intensity of excident light, then log the ex¬ 

tinction E; if related to unit thickness of irradiated matter (1 cm.), we 
call it the modulus of extinction m. If the concentration of an absorbing 
solution is identified as c (if measured in moles per liter) or c' (if measured 
in grams per 100 cc.), then we define the molar and the specific extinction 
coefficient as c = m/c and = m/c\ respectively. We generally employed 
the double spectrum method with rotating sector blinds.^ By this means 
it was possible to eliminate the Schwarzschild and the intermitteuce effect. 
The extinction of the rotating blinds is given exactly as E ~ log (360°/a°). 

ABSORPTION SPECTRA OF ACTOMYOSIN IN AQUEOUS 

SOLUTION 

Figure 1 shows-the absorption spectrum of actomyosin in phosphate 
buffer, containing the necessary quantity of KCl to make the pH 6.3. The 
maximum at 3600 mm.“^ appears rather smeared out, but is in good agree- 
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meiit with the previously cited papers. Compared with the spectra of 
tyrosine and tryptophan, shown in Figures 2 and 3, Figure 1 permits the 
conclusion that these amino acids are chiefly responsible for the absorption 
of actomyosin in the ultraviolet, wdiich agrees with the results of chemical 
analysis.'^ Figure 1 also shows differences between the spectra of actomyo¬ 
sin of rabbit and guinea pig, indicating various contents of tyrosine and 
tryptophan. (Similar phenomena could be obtained with actomyosin pre¬ 
pared from muscles of shells.) Such differences had been observed by 
means of chemi(‘al methods between the composition of dog and rabbit 
actomyosin.® 



Fig. 1. Rabbit (curve i) and guinea pig 
(curve 2 ) tsorrected for Tyndall effect; 
rabbit, without any correction (curve io); 
rabbit, exactly corrected including wave 
dependence (curve ib). 



Fig. 2 . l-Tyrosine in phos¬ 
phate buffer, c 3 X 10^* 
mole/liter. i, pH 6.3; 2, pH 
7.3; 3 , pH 8.4; 4, pH 9.8; 5, 
pH 13.0 (in NaOH). 



Fig. 3. Tryptophane in phcMi- 
phate buffer, c 2 X 10*“^ 
mole/liter. J, pH 6.3, 7.3; 2, 
pH 8.4, 3, pH 13.0. 
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QUANTITATIVE SPECTROGRAPHIC ANALYSIS OF 
ACTOMYOSIN (Content of Tyrosine and Tryptophan) 

The analysis was carried out following the directions of Holiday,’ who 
determined quantitatively the tyrosine and tryptophan content of different 
proteins by means of absorption spectrum. The method is based on the 
difference in pH functions of the absorption spectra of both amino acids. 
For the calculation, the absorption spectra of pure tyrosine and tryptophan 
(Figs. 2, curve 5, Fig. 3, curve 3) and of actomyosin (Fig. 4, curve 4) were 
used, all substances being dissolved in 0.1 N NaOH. We found that our 
actomyosin (rabbit) contained 8.0% tyrosine and 1.3% tryptophan; 
it had been prepared ac(*ording to tlie directions of Weber^ and Szent- 
Gybrgyi® which, according to the latter author, yield relative concentrations 
of actin and myosin ranging from 1:5 to 2:5. The maximal error of our 
analysis is =*= 10% including the errors of the only approximate (‘orrection 
for the ultraviolet Tyndall effect (cf. Experimental section). 

The following table gives a compilation of the data obtained by chemical 
analysis for comparison: 


Author 

% tyrosine 

*/< tryptophan 

Remarks 

Bttiley® 

3.4 

08. 0 85 

Rabbit, actin c/mtent 
below 1.. .2% 

Webor’“ 

Not ^fiveii 

1.3 

Rabbit, actomyosin 
1:5 ..2:5 

Jordan (AsUmry)*^ 

CO. 0.5 

ra. 1 4 

Probably actomyosin" 

Present authors 

8.0 

1 3 

— 


" Gak’ulaled from the number of amino acid residues. 

The tryptophan value of Weber is exa(*tly identical with ours, whereas 
Bailey finds a rather smaller (content with a practically actin-free prepara¬ 
tion of myosin, from which we may infer that actin contains much more 
tyrosine and tryptophan than myosin. 

Our results i*an be checked by comparison with the absorption spectrum 
of a model solution containing tyrosine and tryptophan in the concentra¬ 
tion found. Since phenylalanine (which is absorbent at the frequencies 
considered here) has also been identified in myosin, it was added to the 
model solution, too, in a concentration that has been found in myosin by 
Bailey.^^® Figure 5, curve /, shows this model spectrum taken in phos¬ 
phate buffer solution at pH 6.3. We recognize perfect agreement of the 
maxima in wave length and a satisfying coincidence of the values log e' 
(A = 0.07), realizing that the error due to the Tyndall effect is essentially 
greater in the pH region below 9 than in the more alkaline region where the 
actomyosin particle breaks up into 4 or 5 smaller units,’’** which causes a 
decrease in actual error (Fig. 4, curve 4, and Fig. 5, curve 4), 

Figure 5, curve f, however, indicates a considerable difference in the region 
between 3700-4200 mra.~i which might be explained first by the presence 
of an additional absorbing amino acid, second by the influence of certain 
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systems of chemical bonds on the absorption of tyrosine and tryptophan, 
and third by the assumption that inside the particles of the dissolved pro¬ 
tein the pH is more alkaline than that of the buffer solution,*-* (c/. Dubuis* 
son'*). 




Fig. 4. .^ctomyosin in phosphate* 
buffer. <•' - 0.08 g./lOO cc. /,pll6.3, 
7..3; 2, pH 8.4; pH 9.0; 4, in 0.1 M 
NaOH. 


Fig. 3. Model solutionH. i, pH 6.3 
(phosphate buffer); 2, pH 8.4 (phc»s- 
phate buffer); 3, pH 9.0 (phosphatf* 
buffer); 4, pH 12.2 (in NaOH); 5, 
actomyosin, pH 6.3, exacllj eorrected 
for 1\ ndall effect. 


The curves and 3 (Fig. 5) show that an increase in pH flattens the curve 
but cannot make it coincide in wave length with the experimental myosin 
<-urve. 

Experiments of Biirgermeislcr'*® exclude the possibility of another ab¬ 
sorbing acid being present but show that the difference can be explained 
by the assumption of an additional absorbing system of chemical bonds 
together with the above named third possibility of increased internal pH. 
As these experiments have not yet been <-arried to completion, we are un¬ 
able to give any more details, but a comparison of curve 4, Figure 4, and 
curve 4, Figure 5, already shows that this additional absorption has a 
rather characteristic pH function that indicates the possibility of mesomeric 
enol forms. Since the maximum of this additional absorption is situated 
at about 4000 mm. ', it seems very unlikely that it could be due to the pep¬ 
tide link itself. According to data of Anslow and Nassar,'* the —CO— 
NH— system ought to show a range of absorption about 3570 mm.-‘, 
which we could not confirm for actomyosin. 
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pH FUNCTION OF THE ACTOMYOSIN SPECTROGRAM 

Figure 4 presents the influence of variations of the pH on the absorption 
of actomyosin. It would seem most reasonable to make the pH variability 
of the spectrograms of pure tyrosine and tryptophan responsible for the ob¬ 
served effects. These absorption curves and their pH functions had already 
been measured by Holiday/ Kober/^ Florence, Enselme and Pozzi^® and 
Ross.^® Since tlie published data did not coincide—probably caused by 
different degrees of purity—we preferred to repeat the measurements. 
The characteristic pH function (shift toward the red end and ingrease of 
extiiKJtion) of the L-tyrosine absorption band is undoubtedly due to the 
ionization of the phenolic hydroxyl group, indicating a “merichinoic” ef¬ 
fect like: 


Na+OH- + 
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which h«as b(ien observed in aliphatic systems (L-ascorbic acid^^) as well as 
in aromatic' systems, e.g,, phenoP® or o- and p-dihydroxybenzene.^® 

In the case of a “true” equilibrium of dissociation (A B), the equation 
of Michaelis:^® 


K _ 

{ix = degree* of dissociation; A = constant of dissociation = 1.5 X 10“*®) 
permits the calculation of the ratio of both components at any desired 
pll, thus offering the jK)Ssibility of calculating the corresponding absorption 
curves on the basis of the measured absorption of the pure components 
(Fig. 2). It appewed now that the pll function of the actomyosin spec¬ 
trum can only partially be interpreted by the pH function of the tyrosine 
band. 

Figure 6 shows first that an increase in pH from 6.3 to 7.3 will not cause 
any remarkable change in the actomyosin band. The increase in log €' 
at pll 8.4 could also be explained by the increased rate of phenolate form, 
amounting to more than 5% at this pH. But the identity of the spectra at 
pH 8.4 and 9.0 indicates (Figs. 4 and 6) that in this range of pH the pH- 
fuiK'lion of the above-named additional absorption begins to work, causing 
the typical superposition character of the now flattening curve. Therefore 
the dissociation function of the phenolic hydroxyl group within this range 
of pH cannot be given exactly. Similarly, in the actomyosin spectrum, 
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taken in 0.1 N NaOH, only the wave length of the ascending branch and 
the very flat maximum at ca, 3400 mm.~^ can be interpreted quantitatively 
by the tyrosine + tryptophan band. 

Summarizing, we may state that the actomyosin spectrum in the ultra¬ 
violet represents a superposition of the absorption of tyrosine, tryptophan, 
and phenylalanine, with an additional absorption which is very unlikely 
to be due to the simple peptide link. 

A quantitative discussion of the spectrogram is (complicated, since that 
additional absorption shows a specific pH function, superposing with that 
of tyrosine at pH values greater than 9. 



Fig. 6. DiHsoeiation function of phenolic h>'f]rox>l 
group of L-tyrosine. 


Regarding the dissociation of phenolicc (IH groups of L-tyrcjsine bcctwt^en 
pH 8.4 and 9.0, no definite statements can be made as long as the additional 
chromophore itself and its pl\ fuiK*tion have not been measured for them¬ 
selves. 

Anticipating some results of experiments that are not finished at present, 
we would assume that the additional absorption can be ascribed to an in¬ 
fluence of intermolecular H bonds. 

Expc^rimental details will be given later. 

ABSORPTION SPECTRA OF ACTOMYOSIN FILMS 

Since it seems very interesting to obtain spectrograms of solid prepara¬ 
tions of actomyosin, a method had to be developed for preparing limpid 
films with as little orientation as possible, (cf. Experimental section). 
Films are required because the very thin “myosin-threads” of Weber did 
not appear very suitable for spectrographic measurements, especially be- 
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cause tliey show a considerable a priori orientation. Our films were—as 
expected**—exceedingly hygroscopic and did not show any visible orienta¬ 
tion between crossed nicols. An x-ray fiber diagram gave the same result. 
They were practically insoluble even in concentrated solutions of KCl, 
which has already been explained by Szent-Gydrgyi,® by the assumption of 
intermolecular forces. The films show a considerable swelling in distilled 
water at room temperature. According to experiments of Fixl,^^ their 
thickness increases ca. 2.85 times, their breadth about 1.1, and their length 
about 1.05 times. 


Dry Films, Unstretched 

The spectrogram of Figure 7a agrees materially with the actomyosin 
spectrum in solution at pH 6-7. With the value of ^1.19 for the density, 



Fig. 7. Absorption spectra of actomyosin films: a, dry; b, swollen in water; 
iinexpanded (curve 1); expanded about 2% (curve 2); expanded 5-400% (curve 3). 


measured by iloating the films in a solution of (N 114 ) 280,4 we obtain a 
maximal specific* extinction coefficient of log e' == 1.09. This value agrees 
satisfactorily well with the log c' value of the dissolved actomyosin at pH 
6-7, regarding the possible error in density measurement and quantitative 
analysis. Thus the precipitation of the colloid-dissolved protein into a 
solid and elastic gel has no influence on the chromophore systems. 

Swollen, Unstretched, and Stretched Films 

The spectrum of unstretched films swollen in water (Fig. 7b, curve i) 
shows no essential'difference as compared with Figure 7a. Figure 7b, 
curves 2 and J, shows that the curve already flattens when the film has 
been stretched by as little as about 2%. The flattening is complete after 
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about 5% extensioii.22 From this point on, the curve will change no more, 
even if the film is stretc^hed by 400%. Comparing Figure 7b, curve 3, 
with Figure 4, curves 2 and *?, it is recognized that a rather slight stretching 
induces an “alkalization” of the protein. If we ascribe to the actomyosin 
an intrinsic/>n of at least 7 (as has been found in mu8(4es by Dubuisson^^), 
the spectrum of stretched films suggests a shift of the dissociation equilibria 
decisive of the absorption corresponding to a pll shift of about 1.5 units 
toward the alkaline region. This striking effect c^ould be confirmed con¬ 
vincingly by means of measurements*^^® of the isociectric; point of actomyo- 
siii films which show a shifting of about 1.5 pH units toward the alkaline 
range of pH when the films are stretched for more tlian 5%. 

The next interesting question was whether the observed effect might Iw* 
due to an inter- or intramolecular reaction. To this end the volume of 
swollen ac tomyosin films as measurc*d^^ in the c^xlension. The uppe^r c urve 



of Figure 8 shows the observed result representing the reduced volume v/vq 
as a function of the extension percentage. The curve below gives, as a meas¬ 
ure for the flattening of the absorptiem curve, the values (log elnax. “ 
log also as a function of the extension percentage. We recognize 

immediately that the “alkalization” corresponds directly to an extraordi¬ 
nary defect in volume (v/vo). Kxperimen.ts of FixF^ showed that the delect 
in v/vo is essentially due to an almost instantanc^ous decrease of film thick¬ 
ness within the first 10% of stretching; furthermore, with dried films, 
the decrease in medium particle distance is exprcissed more in the direction 
perpendicular to the plane of the film than within it. Hence the probabil¬ 
ity of intermolecular bonds being formed will doubtlessly be much greater 
in the direction perpendicular to the plane than within it. Furthermore 
we observed that the flattening effect of the curve diminishes considerably 
when the films are redried: 
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Actumyosin filniM log -• log 

liiiswollen, unslretched. 0.12 

Swollen, unslrctehed. '^0.09 

Swollen, stretched ^ 10%. 0.00 

Stretched (to 00%), dried. '^O.OO 


From the above it follows that the observed “alkali-effect” miglit be as¬ 
cribed to ail int(Tniol(*(^ular rea(*tion (‘orrelated to a closer packing of the 
particles. Although, the complexity of the pH function of the spectrogram 
still renders impossible the detailed discussion of the observed effect, the 
assumption may be made that it is caused by an approach of polar groups 
and the formation of hydrogen tK)nds between - CX)— and —NH— groups 
as shown by Figun‘ 9. 



Figure 9 

Condutdivity measurements performed in collaboration with Treiber^^* 
proved that the resistance of water-swollen films decreased rapidly during 
the first 10% streUdi and kept the attained low value (5% below' un¬ 
stretched resistance) during further extension. This seems to indicate the 
formation of an energy-conducting system as suggested by Wirtz,®^ and it 
appears indeed reasonable that such a conducting system across the peptide 
chains should be formed by the enolization of CO groups in connection 
with the formation of H bonds, once the chains have approached to a mini¬ 
mum distance. The following two points should be noted. 

(a) The considerable size of the effect (about 1.5 pH units), which ex¬ 
ceeds by far the hitherto observed changes of pH (0.02) in muscles, as pub¬ 
lished by Dubuisson.^2 

(b) The appearance of the effect at very low^ degrees of extension (about 
5%), which reveals an energetically extraordinarily favored state causing 
a specific position of the particles relative to one another. Mere precipi- 
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lation and swelling is not sufficient for the appearance of this state; on the 
other hand, it seems to be the conditio sine qua non of further expansibility 
in general. 


EXPERIMENTAL 

Preparation of Actomyosin (Solutions and Films) 

Immediately after skinning and disemboweling the animal, a solution 
(1) was injected into the aorta so as to remove lh(^ bl(K>d from the muscles. 
The inus(‘les were cooled in ice, rapidly minced, washed with solution 1, 
pressed out and frozen in liquid air, as described by Deuticke.^* 

Soiution l{pll ^ 5.6) 

5 cc. 0.15 M Na-jHPO^ 

95 cc. 0.15 M KH 2 PO 4 
300 cc. water 

2 cc. 3.6 M KCl (/Jf -r 5.6) 

Tlu‘ solid mass was powdered, washc^d again with solution I to remove the 
other proteins and myochrome, pressed out, and put iii the icebox for 21 
hrs. with 3 volumes of solution If. For spectrographic analysis at pll 
7.3, 8.1, and 9.0, th(» ratio of the phosphate salts was changed as necessary; 
for pH 9 an additional small (juantity of 1 M NaOfl was addt^d. The pH 
was measured with a glass electrode and an “Ultra-Jonograph” (supplied 
by Lautens(‘hlager, Munich) with a maximal error of ±0.05 unit. 

Sohiiion 11 (/>ll ^ 6.3) 

75 cc. 0.15 M Na.HPO^ 

125 cc. 0.15 M KI1P()4 
50 cc. 3.6 M KCl 
50 cc. water 


After 21 hours the dissolved actomyosin was separated from the re¬ 
mainder by pressing out, filtering, and centrifuging the solution, which 
>vas then diluted with 10 volumes of distilled water. The precipitated 
actomyosin was separated with the centrifuge, immediately redissolved in 
solution II, taking as much of solution II as nei'essary to obtain a suffi¬ 
ciently limpid solution which was again centrifuged, and filtered once more 
immediately before measuring. 

, For preparing films, the first precipitation of actomyosin was dissolved 
in a modified solution II containing the double ([uantity of KCl. The 
highly viscous fluid was pressed slowly through a flat glass nozzle (width of 
slit O.T mm.) into a 0.05 M solution of NaCl and disposed onto a paraffin- 
coated glass or Plexiglas* plate. After 1 hour the NaCl solution was cau¬ 
tiously removed by means of a siphon and replaced by distilled water which 
was changed from time to time to wash out the included salts. After drying 

* According to the kind advice of Prof. F. Seelich, Med.-Chera. Institute, University 
Graz, for which we should like tf) express our indebtedness. 
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in open air at normal temperature we obtained perfectly limpid films of a 
thic^kiiess of 0.02 to 0.005 mm. depending on the concentration of the solu¬ 
tion and its velocity when pressed out of the nozzle. The concentration of 
the spectrographically measured solution was analyzed according to the 
directions of Herrnans.^^ 

Approximate Tyndall Correction 

Despite most careful purification, all solutions of actomyosin show a con¬ 
siderable Tyndall light scattering which is due to the size of the particles 
and must be tak(M) into accourd generally with spectrographic measure¬ 
ments.^® Since an exa(*t (xirrection under consideration of the frequency 
dependency is c(Ttainly rather complicated, we used one simplified, general 
method irrespective of wave length. We thought this admissible, having 
estimated the maximal error at about 20% in c units^^ and recollecting that 
Holiday^ also found other corrections to b(^ unnecessary, by comparison 
with chemical analysis. Our method consisted in extending the time of ex¬ 
posure for the s('attering object as compared with that for the system in it¬ 
self taken for comparison until we obtained the same intensity at 1945 
rnm. ^ w here in no case any measurable absorption was to be expected. 

Our method of approximate correction was tested by the application of 
an e\a(*t correction to actomyosin spedrograrns taken at pH 6.3 as fol¬ 
lows: 

The values of e' between 1760 and 3200 mm.“^ (measured by photo¬ 
electric comparison of the double spectra) allow the estimation of the 
wave length exponent n in Rayleigh’s law: 

e'lTyndall) = AV'« 

Thus n has been estimated as 2.25, cf. references 28 and 29. 

Following the experiments of S(4iramm and Dannenbcrg*® we may con¬ 
clude that the above equation is also valid within the region of true aro¬ 
matic absorption (/.e., 3500 down to 4200 mm.“ ^). 

Therefore it seems permissible to correct for Tyndall scattering within 
this range of absorption by subtracting the intensity of Tyndall light esti¬ 
mated as described from the experimental curve. 

Figure J shows the result: comparing the curves /, /a, and lb, one 
rtKJognizes that the flat cliaracter of the actomyosin band is not essentially 
altered by this correcition. 

Figure 5 shows that the exactly corrected protein curve coincides quan¬ 
titatively with the model spectrum as concerns the region of the absorption 
maximum, which confirms our spectrographic estimation of tyrosine and 
tryptophan content in actomyosin. It is clear, however, that the diver¬ 
gence at about 4000 mm.“^ cannot be ascribed to an ultraviolet Tyndall 
effect. 

In more alkaline solutions we found a decrease in Tyndall intensity, as 
found, for example, by Holwerda,® ^ so that the difference between corrected 
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and unoorrected absorption curves (3500-^4200 within that range of 

pH is negligibly small. 

It should be noted that comparisons were made only between absorption 
curves corrected by the same methods. 

Summary 

(/) The ultraviolet absorption spectrogram of rabbit actomyosin may 
partially be interpreted as due to tyrosine, tryptophan, and phenylalanine 
and thus permits a quantitative spectrographic analysis of the tyrosine 
and tryptophan content with the followiiig result (=*=10%): 8,0% tyro¬ 
sine; 1.3% tryptophan. 

(2) A correspondingly concentrated mod(4 solution shows identity of 
the maxima in wave length and coincidence in log . Between 3600 and 
4000 mm.' ^ there appears a considerable additional absorption of the acto- 
inyosin, indicating the presence of a certain system of chemical bonds not 
contained in the model solution. 

{3) Presently, no further details regarding this system are available; 
the frequency of its absorplion maximum, however, makes it very unlikely 
that it should be the common peptide link. 

(4) The observed pH function of the spectrum shows that this additional 
absorbing system has a (4iaracteristic pll function of its own. Therefore, 
the pH function of the a<‘tomyosin spectrogram can only partially be inter¬ 
preted by the pTI function of the present aromatic amino acids. 

(5) The transition from tlie colloidal solutioTi to the precipitated protein 
films has no (haracteristic iiilhicnce on the absorption. At very small de¬ 
grees of extension (about 2%), however, a specific, change in the (‘urve 
begins to appear, which may be interpreted as an “alkalization” of the 
protein due to interrnolecular reactions takijig place as the packing of the 
particles becomes closer. 

(6*) Referring to measurements of the volume of stretched films, the as¬ 
sumption may be made that the observed effect is induced by the 0(*currence 
of an energetically extraordinarily favored quasi-native state (formation of 
hydrogen bonds between —CO— and —NIT ~), which represents the pre¬ 
liminary condition for stretching in general. 

The experiments are continued in view of a complete identification of 
the additional absorbing system and the effects that occur in connection 
with the quasi-native state and with contractions. 

‘We should like to express our indebtedness'to Prof. Dr. (). Kratky, who suggested 
these investigations, for valuable discnissiotis and generous aid in many ways. 

We are also grateful to Prof. Dr. H. Lieb, director of the Med.-Chcin. Institute, Dni- 
versity of Graz, for kindly supporting us with chemical materials, and literature whicli 
rendered possible the performance of some of our experiments. 
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Resume 

La meihode de speidrographie ultra'violeite a appHquee aux prot6iiies fibreuses de 
poids mol^culaire 61eve. Par mesures dans des conditions variables (gonflement, pH 
variable, etirement, etc.) les spectres permettent, independamrnent d’une analyse quan¬ 
titative des aoides aromatiqiies amines, des conclusions nouvelles concernant la structure 
et les propriel6s physico-chimiques et biotogiques des prot6ines. 
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Zusammenfassung 

Die Melliode der iillra\it)Ielteii AbsorptkmsHpektrographie wird auf hochpoJymere 
Fascrproteine anj^ewendet. Das Spektrogramin erlaubt, bei Messungen imter verschie- 
denen Bedinguiigeii (Qiiellen, pH Anderuiig, Strecken u.s.w.) -abgesehen von einer 
quantitativen Analyse der aroinatischen Aminosauren—neiie Schliisse bezliglich der 
Struktur, sowie der physikalisc^h-chcniischen und biologischen Eigenschaften der Pro- 
teine. 


Heceived January 4, J949 
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Unidirectional Nature of the Large Periodic 
Structure of Collagen Fibrils* 

ORVIL E. A. BOLDUANt and RICHARD S. BEAR, Department 
of Biology, Massachusetts Institute of Technology, Cambridge 39, 

Mcmsachuselts 

INTRODUCTION 

It has been amply dtmionslrated, by means of both small-angle x-ray 
diflVaetion^”*'* and electron microscopy,**"^ that the colloidal elements of 
the fibrous proteins of the collagen class are fibrils possessing a longitudinal 
macroperiod averaging normally 615 to 680 A., depending on the source 
and condition of the sample. No evidence has been obtained for trans- 
v(Tse structure of a periodic sort in these fibrils. 

It is desirable that the demonstration of the unidirectional nature of the 
('ollagiMi fibril’s large periodic structure should not depend alone on nega¬ 
tive evidence, which might result from lack of contrast or improper viewing 
aspect in (‘lectron rniiTOScope studies, or from a possible failure of intensity 
in pertinent diflractions. The present paper supplies positive indications 
that collagen fibrils lack, in their long-range struc'turc, the full complement 
of three-dimensional order typical of normal (Tystals. The theory applied 
for this purpose* is based on a rec‘enl summary of (Titcria useful in recogniz¬ 
ing the diffrac tion phenomena (*haracteristic of order-deficient systems.® 

EXPERIMENTAL 

Methods 

The experimental work was performed with Ni-filtered CuK„ radiation 
(X = 1.54 A.), using srnall-angle diffraction cameras described elsewhere^ 
and Eastman Type K film. In particular the present evidence was ob¬ 
tained with a pinhole c‘amera capable of resolving diffraction orders of 
1200 A. spacings iji both the meridional and equatorial directions on the 
film, with anoth(?r able to resolve 800 A. meridionally and 400 A. equato- 
rially, and with a slit camera whose meridional resolution w as 1400 A. 
These figures for spacing resolution are conservative, and in practice one 
is able to resolve consecutive orders of spacings up to about twice these 
values. 

* This paper rapreseiits a partial report on research sponsored by The Ollice of the 
Quartermaster General, Research and Development Branch, under Project No. 130-46 
on “Determination of the Nature and Properties of Skin Structure” under direction of 
the Leather Subcommittee of the National Research Council Committee on Quarter¬ 
master Problems. 

t Present address: PC Division, Physics Branch, Camp Detrick, Frederick, Md. 

159 



160 


O. E. A. BOLDUAN AND R. S. BEAU 


The 1200 A, pinhole* camera has the merit of indii’atiiig collagen diffrac¬ 
tion line shapes with a good degree of fidelity, since the maximum spacings 
to be resolved are those of moistened collagen specimens, about 675 A. 
This camera has, however, the disadvantage of slowness, requiring two- 
week exposures to register the strongest features. For this reason, sup¬ 
plementary evidence is obtained with the 800 A. camera, which serves quite 
well for the first dozen layer lines in several days. Since the exposure 
problem bec^omes even more severe when specimens are to be examined 
under tilt in the incident beam, it is necessary to employ the slit camera for 
this purpose. With the greater speed of slit (*ameras exposures may be 
still kept within a few days in spite of high meridional resolution. 





r\ 


Fi^. 1. ApparatiiH used to eonipare diflTractioii hy 
tilted and untilted specimens simultaneous]}. This 
specimen holder is inserted in a vacuum camera 
relative to the axis of a ribbon beam (broken line) as 
shown. Of the two specimens at 8, the left one re¬ 
mains fixed perpendicular to the beam, while the 
other may be tilted in increments of 10° hy the lever 
L, intermediate positions being secured by adjusting 
the micrometer screw, M. The rule, marked in 
inches, indicaU*s the si%e. 


Figure 1 shows a specimen-tilting mechanism used in (connection with the 
slit (camera to study layer-line displacements as a function of accurately 
controlled tilting of the specimen from the usual normal relation to the inci¬ 
dent beam. In use, the ribbonlike beam furnished by the camera slits is 
so wide that two narrow specimens placed side by side, with adequate dis¬ 
tance between them to permit separation of their diffraction effects at the 
film, may be photographed simultaneously, one serving as an untilted con¬ 
trol, the other being the experimentally varied sample. 
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The use of a control in this manner is helpful because small line displace¬ 
ments exhibited between tilted and untilted halves of the same fiber become 
unmistakable when registered side by side. Also, in this way allowance 
may be made for minor alterations in measured spacings, resulting from 
film shrinkage, etc., or from exposure to the vacuum of the camera and 
other aging plienomena, whicli become noticeable over an extended series 
of exposures. Such precautions arc particularly necessary in studying 
(‘olloidal striK'tures. Collagen fibers possess spacings which are by no 
means constant and reproductible physical constants like those encountered 
with simpler inorganic and organic solids. 

In the original description of collagen difl’raction effects at small-angles,^ 
the values givctn for the large spacings of dry ctollagen samples were those 
normally met with in spcM'imens examined in simple (cameras in which the 
samples rctmaiin'd roughly ecjuilibrated with air. It was clear, even in the 
early experiments, that alterations in moisture c‘ontent and other variables 
can all CM' thc^ spacing incne or Ictss continuously over a wide range, from 680 
to 615 A. normally, with special cases reaching as low’ as 550 A. As 
(‘xpericMu e has inc reased, it has been found that the spac'ing observed with 
a given spec iincMi may change spontaneously, particularly when c^xposed to 
the x-ray bcMun undcM’ the exhausting ac tion of a vacuum camera. For 
i'xample, a certain specimen whose slow alterations were followed ovc^r a 
pc^riod of a little more than a year, showed the follow ing history; Originally 
as an air-dried, phcjsphotungstate-stained, kangaroo tendon strip {see be¬ 
low) its fiber period was 613 A., which decreased to 627 A. during almost 
constant use in an evacuated c amera over a time* of two months. After 
storage in a vial for a year it was again examined for another two months, 
during which its period decTcased from 622 to 617 A. A few months later 
this had dropped to 607 A., where it seemed fairly stable, having attained 
a value about as low as has been observed with all but exceptionally treated 
specimens. 

From these observations it is c'lear that spacing comparisons should be 
carried out with care, either by cxMiiparing results immediately after prepa¬ 
ration of the specimens, or eliminating time drifts by means of a similarly 
drifting cojitrol. 

The present and subsequent papers will detail several aspects of collagen 
small-angle diffraction. In all of this work, in order to have the basic ma¬ 
terial be reasonably reproducible and conveniently available in fair amounts, 
a single large supply of kangaroo tail tendon (actually from the smaller 
wallaby), supplied to us by Johnson and Johnson Co., was employed as a 
standard source. It may be assumed herein that the collagen referred to 
is that of the kangaroo tendon. 

The diffraction effects of samples subjected to a variety of treatments 
have been studied. In general one may observe most of the essential 
characteristics in the following two preparations; (f) Samples of chemi¬ 
cally untreated tendon as originally received; and (2) specimens sub¬ 
jected to phosphotungstic acid at a prescribed concentration and pH de¬ 
signed to introduce about 1.5% of the phosphotungstate. 
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As will be described more fully eventually, the use of the second type of 
specimen resulted from observations carried out in collaboration with 
Dr. T. P. Salo. In a series of specimens with variable amounts of phos- 
photungstate, it was observed that at the phosphotujigstate content of 
about 1.5% the diffraction orders of the dry specimens with indices 4 to 9 
and 11 became of nearly equal intensity on slit patterns, which is not 
normally the case.^ Patterns of this material are parti(^ularly valuable in 
investigations involving line shapes or intensity persistence with tilt, since 
difficulties of comparing diffractions with very different intensity levels 
are largely eliminated. 

The method of preparing this sample is as follows: The kangaroo tendon 
strips are soaked in water and ifitroduced for 24 hours into an excess of solu¬ 
tion containing 0 . 2 % of the solid H3P04* 12W03* I5H2O, adjusted to a 
final pH of 7.0 with scxiium hydroxide. After several washings to remove 
excess electrolyte the sample is ready for use. Hereinafter this sample will 
be designated PTA-stained collagen, other concentrations of “stain’’ being 
specified on subse<}uent occasions. 

The untreated and PTA-stained samples have been examined dry, or 
renioisteru‘d with water. Maintenance of parallel alignment of the con¬ 
stituent ultrarnicroscopic fibrils of a massive specimen (usually about 1.0 
mm. in thickness) is an important requisite when pinhole pattern line 
shapes or slit pattern intensity variations and line displacements with tilt 
are to be studied. This is accomplished by prei onditioning the dry original 
specimens by immersion in water, followed by drying in air in clamps with 
application of tension near to the maximum the fiber is able to withstand. 
The specimen may then be used directly as an air-dried sample, though it is 
advisable to dry it further in an oven at 100®C. over 1V)6 in order to reduce 
the spacing drifts mentioned above. During exposure in the vacuum 
camera a tray of desiccant is also added to protect the specimen, which is 
exposed directly to the small air pressure of the c amera, maintained there 
by leaks in spite of constant pumping. 

When wet samples are to be photographed the stretched, air-dried sam¬ 
ples described above are inserted into Ihin-walled Pyrex tubes and thcMi 
water is added to moisten them, the ends of the tube being finally sealed. 
In this w ay damage to orientation accompanying insertion of a wet pliable 
fiber is minimized. When wet or dry samples are imperfec^tly oriented, this 
becomes readily apparent in arcing of the diffraction lines, which should be 
straight lines normal to the meridian of the pattern if good orientation has 
been achieved. 

With wet specimens the results of pinhole camera study are relatively 
reproducible in important features, except for some difficulties in always 
obtaining perfect orientation. With dry materials, however, the pinhole 
patterns possess a certain amount of essential variability, as will be de¬ 
scribed in greater detail subsequently. These variations are, however, in a 
sense, ones of degree rather than of kind, so that the general description 
given here is satisfactory for present purposes. More specifically, the 
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descriptions apply to the samples whose peculiar line shape properties 
depart minimally from those expected of “smooth,” cylindrical fibrils. 

Results 

Figure 2 shows pinhole patterns of wet and dry specimens as obtained 
with the 800 A. camera. The corresponding patterns of the 1200 A. camera 
are similar but more difficult to reproduce. The following paragraphs list 
the important features of these pinhole patterns. 





a h 

Fig. 2. Pinhole pailern» of moist (2a) and dry (26) 
kangaroo tail temlon (plain) obtained from a camera 
with a vertical (meridional) resolution of 800 A. and a 
horizontal (equatorial) resolution of 400 A. The 
original specimen-to-iilni distance was 150 mm.; 
the fundamental spacing on the left is 665 A.^ and on 
the right 629 A. InifKirtant la>er lines are indicated. 

(1) On patterns obtained from either wet or dry specimens, the layer 
lines show no indit^ation of row-line structure, and have maximum inten¬ 
sities directly on the pattern meridian. Sharp equatorial diffractions at 
small angles are not present, though there is diffuse scatter streaking out 
frcMU the central beam. 

(2) Layer lines are remarkably straight, particularly witli dry specimens. 
A small amount of arcing is sometimes encountered with wet specimens, as 
becomes most readily apparent at high orders. This disorientation arcing, 
while not great and hard to avoid completely with w et samples, is readily 
recognizable. The dry samples, however, when properly prepared seem 
to be almost totally devoid of disorientation. 
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(3) Layer lines are essentially as sharp in the meridional direction as the 
central beam. Indeed Kaesberg, Ritland, and Beeman,^^^ using a double¬ 
crystal spectrometer, showed that the natural line width of collagen speci¬ 
mens is of the order of 20 seconds or less, whic'li is small compared to the 
divergeiuc of a few minutes allowed by the present collimating systems. 
On the other hand, the extensions of the layer lines normal to the pattern 
meridian (line lengths) are appreciably greater than the comparable lateral 
dimension of the undiffracted beam. The significanc^e of line Ic'iigth is 
difficult to assi‘ss in patterns of wet sampk^s because of the small amount 
of residual disorientation mentioned above. For dry specimens, howevc'r, 
the obser ved line lengths are often rmuii greater, and must be treated as 
entirely significant bec ause of the perfection of orientation. 

(4) On patterns of wet samples, making rough allowance for the dis¬ 
orientation arc ing, it would appear that all line lengths are approximatc?ly 
equal. This is not the case, however, for dry spec imens, which may be said 
to show two major variations in line length: (a) a geru^ral incTC‘asc‘ in line 
length as the index of the layer line inc reases; and (b) pronounced depar¬ 
tures from this gc^neral rule, whic*h ocrur from one line to the nc'xt so that 
the general change is sometimes concealc'd. This lattcT phenomenon is 
sc'en, for example, in cxmiparing the eighth and ninth lines of untreated 
tendon, the former bc*ing less intc*nsc‘ ovcT-all than the latter but stre^aking 
out to greater length. More striking still in PTA-stainc‘d dry specimens is 
a pronounced alteration in line lengths, w ith evem orders long and odd orders 
apparently shorter out through the ninth layer line, the regularity bre^aking 
down be>ond. This effec't is reminisc*ent of the similar phenomenon 
reported before^ for the iritensities of wet collagen spc^c imens, whose odd 
orders are strong, evcni ones wc*ak, over a similar range of index. As far 
as c’an be seen, liowever, wet-specimen line lengths are cximparable for both 
odd and even orders, remaining at all indices never more than cHjual in 
length to, usually shorter than, corresponding lines of dry specimens. 

Because of “crossfire’' in the direc tion on the film projecting parallel to 
line lengths, slit patterns may be registered in shorter times w ithout damage 
to precision of measurement of line positions. Furthermore, since pinhole 
patterns essentially show^ secjtions through reciprocal space “disks’’^ repre*- 
senting the layer lines, it follows that patterns of tilted specimens should 
show greatest persistence; in intensity for those lines whose pinhole-pattern 
line lengths are greatest. Consequently, the slit-tilt patterns are capable 
of demonstrating phenomena analogous to those described above from 
pinhole-pattern line shapes. Figure 3 shows slit-tilt patterns for dry plain 
and PTA-stained specimens, representative of the photographs from which 
the following data were obtained. 

(f) As tilt increases all layer lines of dry specimens move toward higher 
diffraction angles in such a way as to retain equidistant separation, so that 
the patterns contain diffraction orders of an apparent fundamental period, 
d = AiX/Ja, where = r^/s, the ratio of the diffraction radius of the ifeth 
layer line, r^, to the specimen-tofilm distance, .9. Accordingly, a single 
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figure, repr(;senliug the apparent fundamental period as the average of its 
determination at all observed layer lines, can be derived from one pattern 
at a given tilt. This is the source of the apparent spacings given in Table 
I. According to equation (1) of reference 8, division of the apparent spacing 
by cos 6 in each instance should result in a constant value, whhdi is the true 
fiber period 6o. That this is the case is shown in the last (column of the 
table, whose values an* constant within the error allowed by a one- or 
two-degree uneertainty as to precise setting for zero tilt. 



« bed 


Fi{£. .*L Slit-tilt ootiipariHun photographs of collagen specimens. 3a and 36 
show the simultaneously registered diflTractions yielded plain dry kangaroo 
tendon, at 0^ and 20° tilt, respectively; 3c* and 3d present a similar comparison 
of FTA-stained material. The connecting lines relate corresponding diffrac¬ 
tions whose indices are marked in the margins. Note the widening of diffrac¬ 
tion diameters after tilting, and the reversal in 8th and 9th order intensities in 
the comparison on the left and the greater persistence with tilt of even orders 
in the pair of patterns on the right. The original specimen-to-film distance 
was 1.30 mm.; see Table I for spacings. 


(?) Corresponding to the short line lengths of wet spe(*imens on pinbole 
patterns, tilting causes rapid loss in intensity before an angle of tilt whose 
cosine is sufficiently different from unity can be attained. In those wet 
specimens for which intensity persists over appreciable tilts the diffraction 
lines nevertheless do not become appreciably displaced, showing that 
disorientation is responsible for the persistence, as it was also in producing 
the arcing on pinhole photographs. 

( 3 ) Those lines of dry-specimen patterns that are longest on pinhole 
photographs persist, at greater tilts with the slit camera. Figure 3 illus- 
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trates this point, showing, in addition to line displacements, the persistence 
of the eight order relative to the ninth for untreated tendon, as well as the 
predominance of the even orders of I^A-stained material after tilting. 
The fact that the higher orders remain at all after tilting of this magnitude 
is evidence for the generally large extension of their reciprocal-space disks. 

Conclusions 

The observations described above regarding general line shapes of colla¬ 
gen diffractions on pinhole photographs, and the displacements in position 
and the persisteru^e with tilt of these in slit patterns, may now be considered 
in the light of the criteria for degree of order developed earlier.^ 

(/) I'he high resolution pinhole pliotographs fail to disclose other than 
the single set of meridional diffractions. This in itself suggests that 
regular order exists only along the axes of the collagen fibrils, and that 
order of large size is lacking or of a less perfect character transverse to fibril 
axes. The resolution of the (*ameras for small angles is so great, that it 
seems inconceivable that transverse structure (;ould exist and not have been 
resolved in these patterns. Transverst* spacings larg(*r than the cameras 
could detect would mean structure of the order of size or larger than the 
diameters of the fibrillar units seen in electron micrographs.^ The present 
pinhole photographs disclose no reason to alter previous sfatemcnts^ that 
the collagen small-angle patterns consist solely of a singlt* set of meridional 
diffractions, and that the largest transverse spacing is the ecjuatorial one 
observed at wide angles, measuring 11 to 15 A. as a function of water con¬ 
tent (Astbury's “side-chain” spacing). 

(2) The fact that the collagen layer lines have appreciabl> greater lengths 
than the central beam’s cross section is in line with the coiu eption that the 
diffracting elements (fibrils) possess less than three-dimensional order. To 
be sure, if the fibrils are so thin that possible transverse periods could not 
be repeated many times, then diffra<‘tion effects would not be sharp later¬ 
ally. Tendon fibril diameters are of the order of hundreds, perhaps a few 
thousands of A. as seen in el(»ctron micrographs,'* giving room for fairly 
sharp diffractions for transverse spacings of moderate size (up to say 100 
A.). Much larger spacings would scarcely be repeated enough times to be 
said to adopt a regular pattern across the fibril, so that one arrives at a 
similar coiKhision, namely, that transverse regularity must be poor or 
nonexistent. However, the absence of even rudimentary row-line struc¬ 
ture in the pinhole diagrams would seem to rule out the possibility of the 
existence of a large transverse regularity rapidly terminated by fibril 
boundaries. 

(«?) The diffraction displacements with tilt, observed in dry collagen 
specimens, furnish further evidence that the collagen diffractors possess 
less than the full complement of three-dimensional order. Since the diffrac¬ 
tion maxima occur on the meridian, the full range of displacement becomes 
significant. Over this range the displacements follow the theory as ex¬ 
pressed in equation (1) of reference 8. This excludes the possibility that 
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the observed appreciable pinhole line lengths could be due to fibrillar dis¬ 
orientation, as is also indicated by the straightness of the layer lines on 
pinhole patterns. The observations of consecutive lines with different 
lengths on pinhole patterns and of equivalent differences in persistence of 
intensity on slit-tilt diagrams also indicate the reality of the line-length 
phenomena. 

(4) Wet samples, like dry ones, show only one set of meridional diffrac¬ 
tions, but the wet specimens do not yield clear evidence for diffraction dis¬ 
placements with tilt. In these cases line lengths are short and there is 
practically no persistence with tilt. This combination of observations can 
be most simply interpreted as indic ating that the moistened collagen fibril 
is an object with unidirec^tional order, la(‘king transverse regularity but 
possevssing sufficient diameter to cause rec*ipro(^al-space disk diameters to 
be small. Apparently the hydration extends the general cross-sectional 
area of the fibril from which coherent diffractions can occur. 

One may (onclude from the present results that the ultramicroscopic 
fibrils responsible for collagen small-angle diflVaction possess a regularly 
repeated struct ure solely along their axes. Transversely there is no structure 
of large size* apparent. The fibrils are of appreciable diameter but arc 
limited in cross-sectional area which diffracts (oherently, this area being 
greater for vv(?t fibrils than for dry ones. The transverse structure has no 
marked structural features until one examines details as small as 11 to 15 
A. or less. 

While to a first approximation the fibrils are cylinders with axial periodic¬ 
ity of structure only, it is clear that in general they are not simple cylinders 
with invariabl(‘ difiracting diameter. This is particularly apparent in the 
changes in line length accompanying drying and wetting, and even more 
peculiarly in the variable line lengths and degrees of persistence with tilt 
exhibit'd by different layer lines of dry specimens. Further examination 
of these* anomalies will be a major task of subsequerit papers. 

TABLE I 

Varixtion ok Collagen Diffraction Positions with Specimen Tilt 

Apparent True lilior 

Apadng, period. 

Tilt, 0 ° d, A. 6o *■ d / ooa A. 

PTA-stainkij kangaroo tendon (dry) 


0 

626 

626 

10 

615 

625 

15 

601 

625 

20 

589 

626 

25 

573 

629 

30 

550 

635 

PLAIN KANGAROO TENDON (dRY) 

0 

611 

611 

10 

604 

613 

20 

578 

615 
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Resume 

Des diagrainmes de diffraction aux rayons X sous des angles petits out etc ohteiius au 
depart d’echantillons de collagene (tendon de queue de kangourou) avec des cameras a 
fine ouverture et fente, presentant im pouvoir de resolution des distances grandes (800 
k 1400 A.). I^es effets de diffraction ont ete examines quant aux formes des lignes et aux 
d6placeineiits des positions des lignes et a la persistence des intensit6s de diffraction 
quand les fibres sont inclin6es par rajqiort a riiicidenoe normale des rayons. A cel 
egard, lea echantillons secs montrent im coinportement a la diffraction, caracteristique 
des ayst6mes dont la structure periodique est rnoindre que tridimensionelle. Coinnie line 
seule s6.rie de diffractions in^ridionales a seulement pu 6tre observee, on adinet que les 
fibrilles de collagene sec poss^dent line structure periodique unidiinensionelle seulement 
(longitudinale), et qii’un ordre regulier transversal est absent. On a obtenu des r6sultat s 
analogues avec les fibrilles humides, a Texception toutefois que ceux-ci diffractent de 
fagon coh6rente sur une surface transversale beauc^oup plus large. De qiielques ob¬ 
servations particuli^res indiquent qiialitativenient que les fibrilles secs ne diffractent pas 
de fagon coh6rente sur les memes parties de leurs sections transversales par rapport a 
toutes les lignes des couches de diffraction. 

ZusammenfasHung 

Es wurden Kleinwinkel-Rontgendiagramine von Kollagen Priiparaten (Schwanzsehne 
des Kanguruhs) init Loch- und Schlitzkanieras fur den Bereicli grosser gitterabstande 
(800-1400 A.) erhalten. Die Beugungseffekte wurden untersucht in Bezug auf die 
Schichtlinien-Formen (Langen) und iiezilglich der Verlagerung der Linien und die 
Persistenz der Beugungsintensitaten beini Neigen der Fasem aus der gewohnlichen 
senkrechten Einfallsricbtung des Strahles. Trockene Praparate zeigten hierbei ein 
Beugungsverhalten, welches fiir Systeme init weniger als dreidiniensionaler Perioden- 
struktur charakteristisch ist. Da nur eine einzige Reihe von ineridionalen Beiigun- 
gen beobachtet werden konnte, wurde gefolgert, dass trockene Kollagenfasern eine 
fieriodische .Struktur in einer Richtung (longitudinal) besitzen und dass ihnen eine 
regelmassige Anordnung in der Qiierrichtung fehlt. Dass gleiche wurde auch bei 
fouchten Fasern gefunden, mit der Ausnahme, dass diese fiber eine bedeuteiid grossere 
Querschiiiltflache zusamrnenhangend beugen. Mehrere eigenartige Beobachtungen 
wiesen qualitativ darauf bin, dass die trocknen Fasern nicht zusammenhangend fiber die 
gleichen effektiven Teile ihrer Querschnitte auf alle Beugiingsschichtlinien abbeugen. 

Received April 18, 1949 
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1 . INTRODUCTION 

This paptT describes llie princ iples and apparatus necessary to measure 
pliotoelc'ctrically “frozen in” strains wlien the material has such a low 
strain optical coeffic ient* that, at 100% strain and 0.01 inc*h thickru^ss, less 
than ^ 2 fringe is produced. Tlie usual method of making photoelastic 
strc*ss analysis is to observe the numl)er of fringes formed in a polariscope 
or determine* the retardation x^ith a Babinet or similar compensator. 
M(*t}iods and equipment for making suc'h analyses are wall described in the 
literature. The photoelectric mc*lhod was developed because of its suit¬ 
ability for use in the control laboratory. After the equipment has been 
adjusted for a givc*n material the operation consists of reading a meter and 
determining the tfiickness. A nomograph is given for c omputing the strain 
from these t\No inc*asurements. 

“\ inylite" plastic planished rigid sheeting, before plaJiishing, is formed 
by a c alejidc'i’ing proc ess which leavers rc^sidual or “frozen in” strains in ex- 
cc‘ss of 100% as measured by shrinkage in hot oil. The surface is put on the 
c alendered sheets by placing them between metal plates having the desired 
finish and then applying heal and prc‘ssure. This planisliing process also 
anneals the sheets, thus relieving the “frozen in” strains. The amount of 
strain remaining after planishing is a measure of the effectiveness of the 
planishing cycle*. The* time, temperature, and pressure relations are ad¬ 
justed to make the sheet as strain-free as possible. Bec'ause many of the 
applications for “Vinylite” rigid sheeting demand a low strain c'ontent it 
is important that strain be measured as a means of quality control. Cut¬ 
ting selcH-ted sheets into small squares and immersing them in hot oil is an 
indirect statistical method of cjuality control, it is time consuming and,ex¬ 
pensive, hence, the development of a nondestructive direct photoelastic 
control test. 

* Hip reason for usiii^ strain optical coefficient is that optical retardation is more 
nearly linear with strain than stress for organic ptdymers. See H. Kilsky and A. C. 
Shearman, “Photoelastic Investigations of Structural Changes in Plastic Mat^erials,” 
Proc. Physical 55, 383-395 (1913). 
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II, THEORETICAL 

“Vinylile” resins are birefringemeiit when strained. Examination of 
large sheets (20 in. X 50 in.) in polarized light showed that the strains pres¬ 
ent gave rise to retardations of less than tt radians at any point. (Later 
measurements yielded very low strain optical coefficient.) This fact made 
it possible to devise a very successful method of measuring the strain 
photoelectri(!all y. 



Fig. 1. Schematic repreaentution of the photoelastic 
strain analyzer. 


Let‘us suppose an arrangement such as indicated in Figure 1, /‘.e., light 
source, polarizer, sheet specimen, analyzer, and phototube. 

If the thickness of the specimen is d, and X and Y are the principal com¬ 
ponents of the “frozen in” strain, then the phase difference (or optical 
retardation) between the ordinary and extraordinary rays, will be:^ 

Y)d (1) 

where c is the strain optical coefficient. If the principle axis (A ) of the 
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sheet specimen makes an angle a with plane of polarization of the incident 
light, then the intensity of the light, /c, transmitted by a crossed analyzer 
will be: 

Ic = /o sin^ 2a sin^ 5/2 (2) 

With the polarizer and analyzer parallel, the intensity is: 

Ip = /o(l - sin* 2a sin* 6/2) (3) 

If now, with the parallel position, the specimen is oriented by trial so as to 
make Ip a maximum, then clearly a = 0, or 7r/2 and: 

/p(max.) = h (4) 

whereas, if with the polaroids crossed and the same experiment is performed, 
then If is a maximum when a is 7r/4 or 3^/4, etc., hence: 

fc(max.) = /o sin* 5/2 (5) 

from equations (1) and (5): 

5 = 2sin~^ [/e(max.)//p(max.)]'^® (6) 

Thus, from light intensity measurements, 5 may be cak'ulated, which (if c, 
the strain optical coefficient, is known) may be used in equation (1) to 
calculate the strain A — ) . 


IIL Apparatus 

Initially, simple apparatus for testing was set up on an optical bench. 
Tests were performed on small specimens which later were annealed in 
oil. Having shown that reliable shrinkage values could be predicted from 
optical data, the machine to be described below was designed and con¬ 
structed. 

The method described above requires that the specimen be rotated rela¬ 
tive to the optical system. In testing a 20 in. X 50 in. sheet, this obviously 
would be inconvenient. Hence, the machine designed achieved the same 
relation by rotation of two Polaroids in angular coincidence with the sheet 
remaining stationary. Figures 2 and 3 are photographs of the “Photo- 
elastk‘ Strain Analyzer.” In Figure 2 the working parts are shown. At 
the left is the light source, at the right the photoelectric tube, and in be¬ 
tween are two hollow shafts which contain the collimating lens, the Polaroid 
disk, and three fixed diaphrams. The hollow shafts are mounted on sepa¬ 
rate uprights so that there is approximately a 12 in. throat, which allows 
ample space to make observations at any point on a 20 in. sheet. Under¬ 
neath are a motor, which by means of gears, turns the hollow shafts at the 
rate of 1 r.p.m., and a constant voltage transformer for the light source. 
The hollow shaft at the right is connected to its driving gear by means of a 
spring detent mechanism that seats every 90°. Thus, by grasping the 
disk, which is attached to the hollow shaft and which projects through the 
dust cover, the analyzer may be moved easily and quickly to either the 



Fig. 3. Strain analyzer testing a matte sheet. 


On the panels, front and rear, are located power plug, fuse, light switch, 
motor switch, phototube connections, etc. 

Figure 3 is a photograph of the machine with covers in place and a 20 
in. mat sheet in the slit between the Polaroids. 
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Figure 4 is a circuit diagram of the photocurrent meter. This circuit is 
standard except for one feature. This is the addition of a 9 volt negative 
power supply, a potentiometer (P4) and a 100 megohm resistor which make 
it possible to (correct the meter reading to zero when there is phototube dark 
curnmt and residual light through the crossed Polaroids. 



Switch Si shunts a resistor of 500K which is used in conjunction with a 
variable resistance of 500K to adjust the sensitivity so that h is made 
wpial to 100 (see Procedure). 

IV. TESTING PROCEDURE 

With the phototube disconnected, the photoelectric current meter is ad¬ 
justed and balanced to zero. It is now connected and, with the Polaroids 
crossed (light source on), the grid bias (P4) is adjusted so that the meter 
again reads zero on the most sensitive scale. This corrects for phototube 
dark current and residual light through the crossed Polaroids. Next, 
with the test sheet in place and the Polaroids parallel, the optical system 
is rotated until a maximum photcK'urrent reading is reached. The meter 
sensitivity (control is adjusted so that the meter reading is 100 (e.c., Ip{ma 2 p.) 
= /o = JOO). The Polaroids are then crossed and the optical system ro¬ 
tated 45°, whi(‘h makes Ic a maximum. This reading is taken. 

V. CALCULATIONS AND RESULTS 
From equation (1): 

8/d = ciX ~ Y) = c[{U - Lo)/U - (W, ^ Wo)/Wo] (7) 

where Lo is annealed or unstrained length, Li is length before shrinkage, 
Wq is annealed width, and Wi is width before shrinkage. 
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F'ig, 5. (Correlation tests on compounds differ¬ 
ing slightly in formulation. 



Fig« 6. (Correlation tests on sheets of different thicknesses, 
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From equation (6) and given h == 100, 

b/d = {2/d) sin-1 ^^{nMX.)/my^‘ (8) 

hence Uie following relation exists: 



Fig. 7. Nomograph for computing per cent shrinkage. 


Figures 5 and 6 are graphs of d/d as calculated from equation (8) versus 
experimentally determined strain for specimens of various degrees of strain 
and various thicknesses. It will be observed that a reasonably straight 
line exists, as predicted by equation (9). The inverse slope of this line is 
the strain optical constant, c. 

In practice, this graph is regarded as a calibration of the instrument and 
used to determine shrinkage from the optically measured values. It is 
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now seen that the success of this method depends on the fact that the strain- 
optical coefficient, c, is of such low magnitude that 5 does not become 
greater than 180° for sheets of commercial thicknesses and the usually 
eiK^ountered degree of strain. Otherwise, it would be necessary to deter¬ 
mine the fringe order. 



(c) (d) 

Fig. 8. Illustrative photographs* 


Figure 7 is a nomograph supplied production inspectors so that they may 
immediately convert optical data to shrinkage values. Shrinkage as nor¬ 
mally used here is the percent change in length of unannealed specimen 
when it is placed in the hot oil. This term has been in constant, usage over 
a period of years and, in addition, is meaningful. It is therefore, retained. 
Shrinkage is defined as follows: 

Li 


Shrinkage ~ S 


( 10 ) 
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For the material in question, it has been found that when specimens are 
placed in hot oil, the length (calender directions) decreases while the width 
increases. To a close approximation: 

Lx - Lo _ r. - Wo 

Lo ^ ^ Wo 

Hence, in equations (7) and (10) the shrinkage is expressible directly in 
terms of b/d. This relation becomes part of the nomograph (Fig. 6). 

Photographs have been taken which show rather strikingly the signifi¬ 
cance of equations (2) and (3). Figures 8a and 8b show the effect of 
varying a (or orientation of specimen) for the case of the crossed and par¬ 
allel Polaroids, respectively. Similarly, Figures 8c and 8d illustrate the 
effect of varying 5 (or strain level) for both cases when a = 45°. The 
specimens of Figures 8a and 8b are small isosceles triangles cut from a fairly 
uniformly strained sheet such that the altitude of each triangle is perpen¬ 
dicular to the calendering direction. The specimens of Figures 8c and 8d 
are small squares cut so as to preserve their relative positions and orienta¬ 
tion in a large sheet which purposely was poorly planished. The section 
near the center is relatively strain free. Strain, it is seen, increases radially 
from the center. These photos were taken by illuminating the assembled 
pieces through a large Polaroid sheet and photographing through a Polaroid 
filter. 

The instrument described above has been in use now over a period of 
more than two years and has proved to be a useful adjunct in the production 
of strain-free Vinylite plastic rigid sheets. While primarily applicable to 
polished clear sheets, it has also been used with some success on certain 
semitransparent materials having either mat surfaces or which are pig¬ 
mented. 

The work of Mr. H. A. Swallow and Mr. J. P. Shook in designing the instrument is 
gratefully acknowledged. 
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English Synopsis, see Summaries, page S8, Vol. Y, 1950. 

R^sum6 

La th6orie et rinstrumentation pour la determination photoeiectrique des niveaux 
**geies** d*6tirement sont decrites, lorsque Tepaisseur et les constantes optiques de la 
tension sont de telle grandeur que le retard optique est inferieur k t radians. La 
methode est adapt6e & I’usage dans un laboratoire industriel, et a ete applique au con- 
trOle du calandrage dans la production de feuilles plastiques de Vinylite transparente. 

Zusammenfassung 

Es wird die Theorle and Apparatur fur die photoelektrische Bestimmung von **einge* 
frorenen’* Spannungsniveaus beschrieben fiir den Fall dass die Dicke und optischen 
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Spannungskonstanten von einer solchen Grossenordnung sind, dass die optische Ver- 
zogerung atif Radianten v beschrankt ist. Diese Methode ist fiir Industrielaboratorien 
anwendbar und ist fiir die Betrichskonlrolle von Glattungszyklen bei der Fabrikation 
von durchsichtigen Vinylitplatten benutzt worden. 

Received May 3,1949 
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Denaturation of Plant Proteins. III. Optical Rotation, 
Viscosity, and Reducing Capacity of 
Denatured Proteins 

B. JIRGENSONS, Victoria University of Manchester, Department of 
Chemistry, Manchester, England* 

INTRODUCTION 

In the previously published articles^’* it was stated that denaturation of 
plant proteins, as estimated by titration of the reducing groups, is mainly 
associated witli an iiu’rease of viscosity. However, there are some cases 
when a protein with a high reducing capacity has a low viscosity (legu- 
rnelinO, and also some opposite instances when a protein has high viscosity 
but a very low reducing power; an instance of such behavior is legumin 
in 30-40% propyl alcohol containing salt.^ Is legumin in this case de¬ 
natured or not? Whether a cha ige in properties of a protein is called de¬ 
naturation depends on the deiiiii ion of denaturation. According to 
Neurath and co-workers’ any nonproteolytic change of the unique struc¬ 
ture of the native protein, giving rise to definite changes in chemical, physi¬ 
cal, or biological properties, should be called denaturation. The usually 
investigated properties are solubility, size and shape of the molecules, and 
the reducing capacity. However, there is a very important property of 
proteins that has been too little investigated in order to estimate denatura¬ 
tion—the optical rotation of proteins. The changes in configuration of the 
protein molecule must be associated with noticeable changes in rotatory 
power. 

The purpose of this work was to investigate the changes of optical rota¬ 
tion upon some treatment of plant proteins that usually cause denatura¬ 
tion. The changes in rotatory power are then compared with those of 
reducing capacity, viscosity, and solubility. 

The optical rotation of typical proteins hitherto has been investigated 
mainly by Pauli, ^ Greenberg,® and Barker.® Since the optical activity of 
proteins, like that of the amino acids,’ depends on solvent or pH, it was 
realized long ago that single data about the optical rotation of a protein 
are of little value. Much more important is the dependence of the rotation 
on hydrogen ion concentration or admixed quantity of acid. Almquist 
and Greenberg® investigated the variation of optical rotation with pH; 
the resulting curves for ovalbumin, serum albumin, and livetin are very 
similar. 

* Present address: Texas Lutheran College, Seguin, Texas. 
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These observations naturally raise the question of how denatured pro¬ 
teins behave under similar conditions. The extensive results of Pauli and 
co-workers/ who denatured ovalbumin, edestin, and some other iH*oteins 
mainly with urea and sodium salicylate, are very complicated. Some of the 
reagents {e.g., sodium salicylate) increase the negative rotation angle. 
Barker® investigated alkaline heat-denatured albumin and found that the 
negative rotation increases upon denaturation. The negative angle in¬ 
creases also with decreasing pH, but measurements have been made only 
down to pH 6.5. 

In the work presented in the following pages the dependence of specific 
rotation on pH for the proteins has been determined whenever possible, 
especially in the cases of solutions in dilute alkali, sodium dodecylbenzene- 
sulfonate, and sodium salicylate. 

EXPERIMENTAL 
Methods and Substances 

In the present series of experiments the following proteins were used: 
(a) globulin of green peas or vetches and (6) globulin of potato. The globu¬ 
lin of green peas was obtained as described previously.^ Two fractions of 
the globulin were used: a twice-reprecipitated fraction obtained by 50% 
saturation with ammonium sulfate and a twice-reprecipitated fraction 
separated by 66% saturation. The solutions before final precipitation by 
dialysis were extracted with ether and petroleum ether in order to extract 
the lipids. Legumin was obtained from vetch meal in a similar way; be¬ 
fore the extraction with sodium chloride the vetch meal was defatted by 
petroleum ether. The purification was carried out either as described pre¬ 
viously or by reprecipitation by acetone on cooling with ice water. The 
precipitate was dissolved in 10% NaCl, dialyzed, and the globulin, which 
precipitates in the dialyzator, again dissolved and reprecipitated. Ob¬ 
viously, acetone does not denature legumin under such conditions, for the 
solubility did not change after such treatment; the reducing capacity 
and viscosity, too, is the same as for the legumin of pea; only the optical 
rotation is somewhat higher. 

Tuberin (the globulin of potato) was obtained from potato juice. 4 kg. 
potatoes were washed, ground, and the juice pressed off. During the 
grinding NaHSOs was admixed (0.6%) to prevent the formation of dark- 
colpred melanins. The juice was clarified in a Sharpies supercentrifuge 
and tuberin precipitated by 50% saturation with saturated ammonium 
sulfate. The sediment was removed, dissolved in water, and dialyzed until 
no sulfate ions in the water were detected. The precipitate of globulin was 
then thoroughly washed with methyl alcohol and ether and dried in a vac¬ 
uum desiccator at room temperature. 

The optical rotation was determined with sodium light at 17~I8®C. in a 
10 cm. or 5 cm. tube. The angles quoted are the mean of usually 4 or 5 
measurements. The experimental error is about [aJo /*= 0.5®. 
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Titrations with iodine were carried out with 0.002 iodine in presence 
of 0.2 N KI and starch at 15°. Under these circumstances mainly the SH 
groups are oxidized when pH is kept below 6. The addition of iodine was 
stopped when color appeared and remained 15 seconds. In acid solutions 
at pH 3-5 the color does not fade; in neutral and slightly alkaline solu¬ 
tions at pH 6-8 the color fades, since other reducing groups are attacked 
and iodination occurs.® 

The viscosity was determined as described previously. The intrinsic 
viscosity was determined by graphic extrapolation to zero concentration. 

Influence of Heat on Legumin 

Solutions of legumin in 10% NaCl or 4 M KBr or 2 M CaCh do not be¬ 
come turbid when heated in a water bath up to 70°C. and kept at this 
temperature one hour or even more. There is also no change in reducing 
capacity and optical rotation of these solutions, when they, after the heat¬ 
ing, are cooled and investigated. 

Heating up to 80-90° for 30 minutes causes no change in reducing capac¬ 
ity or optical rotation; only some samples of legumin became a little turbid 
and the viscosity number increased from 0.005 to 0.009. The solu¬ 
tions of vetch legumin did not grow turbid even upon boiling for some 
minutes. 

Heating of dry legumin 3 hours at 100-105° causes only a slight denatura- 
tion. Thus denatured legumin only partly dissolves in 4 M KBr. The vis¬ 
cosity of these solutions is the same as for the unheated globulin, and there 
is almost no (ihange in the reducing capacity. 

Heating of dry legumin 3 hours at 115° causes a deep denaturetion: the 
substance did not dissolve in 4 M KBr or 10% NaCl but only in 0.1 N al¬ 
kali. 


Influence of Propyl Alcohol on Legumin 

As it was found some time ago^ the viscosity of legumin in solutions con¬ 
taining 30-4-0 volume per cent propyl alcohol and salt is very high, but the 
reducing capacity as low as for native globulin. Now it was found that 
the rotatory power of these solutions is about 25% higher than for the cor¬ 
responding salt solution without alcohol; however, this increase is only 
transitory and in some hours the rotation angle decreases down to the usual 
values of native legumin. 

Denaturation by Acetic Acid 

Several samples of pure legumin have been dissolved in 50 volume per 
cent acetic acid and the viscosity, reducing capacity, and optical rotation of 
these solutions have been determined. The viscosity numbers rfgp/c are 
very high (Table I), but they do not increase in time. The reducing capac¬ 
ity is surprisingly low: for several samples it varied between 0.45-0.70 cc., 
0.002 N iodine for 0.1 g. protein, Le., as for the solutions containing propyl 
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alcohol (see also Table VII). The rotation angles of the solutions contain¬ 
ing acetic acid are much higher than those for native legumin and-the rota¬ 
tion does not change in time. 


TABLE I 

Viscosity Numbers of Pea Legumin (Precipitated at 66% Saturation) 
IN 50 Volume Per Cent Acetic Acid 


c (g. per liter) v,p/t 

20 ... . 0.0562 

10 . 0.0535 

5 . . .. 0.0518 

2.5 .... 0.0492 

1.25 . 0.0465 

0 625.... 0.0448 

c-*0 . 0.043 

A strong influence on the viscosity and rotatory power of these solutions 
have salts with multivalent cations. The results obtained with 40 volume 
per cent acetic acid and lanthanum nitrate are presented in Table II. Just 
after admixing of tfie salt the viscosity decreases, but then rises consider¬ 
ably in time; the rotatory power also increases in time. Under the in¬ 
fluence of barium bromide, 0.4 mole per liter of the mixture, the viscosity 
numbers at the beginning are diminished to 0.02, but rise in 7 days to 0.08. 
Copper sulfate (0.4 mole per liter) decreases the viscosity at the start to 

TABLE II 

Pka Legumin" (0.8%) in 40 Volume Per Cent Acetic Acid, with 
Lanthanum Nitrati*:: 0.04 Mole Per Liter'' 


Time 


1“1d 

Initial value. 

0 0257 

-50.2 

After 1 day.... 

0.0437 

-54.8 

After 3 days. .. 

0.0727 

-56.9 

After 6 days. 

. . 0.1012 

-56.5 


® Same as in Table I. 

^ Without salt, rjsp/c = 0.0490, and does not change with time. 


0.02, and in 7 days it rises to 0.087, The influence of KBr or KH2PO4 is 
much smaller. 

The transitory decrease of the viscosity under the influerujc of salt must 
be considered as the inhibition of the electroviscosity effect. In time, how¬ 
ever, the viscosity of the solutions containing salt increases, whereas the 
viscosity of the salt-free solutions in acetic acid remains constant. This 
increase of viscosity must be considered as being gelation.® 

Denaturation by Alkali 

1 g. of pea legumin was dissolved in 20 cc. 0.1 N NaOH, the excess of 
alkali neutralized with 0.1 sulfuric acid to pH 5.8, and the precipitate 
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suspended in water and dialyzed until free from electrolytes; the pure 
legumin was then filtered and dried in a vacuum desiccator at room tem¬ 
perature. It was found that legumin reprecipitated in this manner cannot 
be dissolved in 10% NaCl, and thus it is strongly denatured. 

If, however, legumin is dissolved in very dilute alkali, only a very slight 
denaturation occurs. It was found that the minimum of alkali required to 
dissolve 1 g. legumin, completely, is 35 cc. 0.01 N NaOH. Solutions ob¬ 
tained in this way have a pH of 7.4-8.2 and a [alo of — 52 to — 56°. After 



Fig. 1. Curve I: native pea legumin 
in potassium bromide solution; curve 
2: pea legumin in very dilute alkali 
(pH decreased with dilute acetic acid); 
curve 3: pea legumin denatured with 
sodium salicylate; curve 4: pea le- 
giimin denature*! with detergent 
(sodium dodecylhenzenesulfonale); 
curve 5: tuberin denatured with de¬ 
tergent. 



Fig. 2. Curve I: vetch legumin with 
acetone reprecipitated, dissolved in 
10% NaCl; curve 2: the same vetch 
legumin in 1% detergent; curve 3: 
deaminated vetch legumin in very 
dilute alkali (1 g. in 38 cc. 0.01 N 
NaOH and diluted to 1% of protein); 
curve 4: deaminolegumin-B, 1% solu¬ 
tion in 1% detergent; curve 5: deami- 
nolcgumin-A, 1% solution in 1% 
detergent. 


precipitation of legumin dissolved in this manner with dilute acid, the 
leguinin can be dissolved in 10% NaCl, and these solutions have then the 
usual viscosity and optical rotatory power of native legumin. 

The viscosity numbers (ri^p/c) of such solutions in very dilute alkali are 
about ().006-0.()()9 and can be diminished by addition of salt to the normal 
values of 0.004. The reducing capacities of these solutions have the values 
of native legumin, or they are only slightly higher (about 0.6 cc. 0.002 N 
iodine for O.l g. protein). These determinations, however, are possible 
only at pi I below 7.5 since in alkaline solutions some other reactions with 
iodine occur and the titration values are then very high. 

The optical rotation of these solutions in very dilute alkali is constant 
in the limits of pH 5.2-8.0. Around pH 5 it is impossible to determine the 
optical rotation, since legumin precipitates. In acid as well as more al¬ 
kaline solutions the negative rotation angle increases (Fig. 1). It is interest¬ 
ing that almost the same data of rotation have been obtained for solutions 
of legumin in 1 N acetic acid when pH was varied by addition of alkali. 
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Denaturation by Salicylate and Detergent 

The data concerning the changes of rotatory power as dependent on pH 
for the globulins denatured by sodium salicylate or sodium dodecylben- 
zenesulfonate are presented in Tables III-VI and in Figures 1 and 2. The 
solutions containing detergent or salicylate did not grow turbid after adding 
small quantities of acid, so that it was possible to obtain rather complete 
rotation curves. Similar results have been obtained with some other 
samples of legumin and the results are well reproducible. The rotation 
angles for the first fractions of legumin (precipitated by 48-55% saturation) 
are always lower than those for the last fractions of legumin (precipitated 
by 60-75% saturation). The shape of the rotation curves is the same for 
all kinds of pea and vetch legumin and also for tuberin. As it was found 
in preliminary experiments, similar curves are obtainable also with edestin, 
casein, and ovalbumin when they are dissolved in a solution of detergent. 

TABLE III 

1% Pea Legumin (Precipitated by 50% Saturation), Denatured 



WITH 1 % Sodium 

Dodecylbknzenesulfonate 


pH 

t«lD 

0.002 N iodine 
for 0.1 g. 
protein, cc. 


6.2 

-51.8 

1.05 

0.0102 

5,0 

-45.0 

0.88 

0 0085 

3.8 

-39.9 

0.72 

0 0066 

9.0 

-55.6 



11.8 

-60 2 



13 

-62.2 




TABLE IV 


Optical Rotation of Pea Legumin (Precipitated by 66% Saturation) 
Stock solution: 1 g. iegumin in 50 cc. 2% sodium dodecylhenzenesulfonate 
Solution 


2% legumin, cc. 

Other component 

pH 

(alD 

5 

5 CC. water 

6.0 

-60 6 

5 

5cc. 0.01 VH 2 SO 4 

5.1 

-54.2 

5 

5 cc. 0.02 V acid 

3 6 

-45.8 

5 

5cc. 0.01 VNaOH 

9.0 

-62.5 

5 

5cc. 0.02 VNaOH 

12 2 

-64.0 

* 

TABLE V 



Optical Rotation of Pea Legumin (Precipitated by 66% Saturation) 

, Stock solution: 1 g. legumin in 100 cc. 3 Af sodium salicylate 


Solution 



1% legumin, cc. 

Other component 

pH 

Md 

5 

5 cc. water 

6.4 

-59.5 

5 

See. O.OlTVHiSO, 

5.2 

-54.1 

5 

5 cc. 0.01 iVNaOH 

9.4 

-63.3 

5 

See, 0.02iVNaOH 

12.3 

-64.4 
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TABLE VI 

Optical Rotation of Tuberin, Denatured with Detergent 
Stock solution: 0.8 g. globulin in 40 cc. 2% sodium dodecylbenzenesulfonate 


pll 

1«1d 

0.002 N iodine 
for 0.1 g. 
protein, oc. 

■njc 

6.2 

-50.2 

1.81 

0.0108 

5.2 

-46.5 

1.12 

0.0082 

3.7 

-41.0 

0.80 

0.0070 

9.1 

-54 8 



11.9 

-.56.8 




Dcaminated Legumin 

The deamination was carried out in two ways: either by heating for two 
hours at 40-45°, or upon cooling of the slightly acid solution containing 
nitrite with ice water (2-4°) for 40 minutes. 

(A) 2.5 g vetch Icgutniii (precipitated at 66% saturation with ammonium sulfate) 
was dissolved in 100 cc. 10% NaCI, 2.5 g. sodium nitrite was admixed, and 0.1 iV acetic 
acid was added until nitrogen bubbles appeared. The mixture was kept 1 hour at room 
temperature and th<m warmed 2 hours at 40-45°. The solution was then dialyzed, 
precipitating the deaininated legumin; it w^as filtered off, washed, and dried in a vac¬ 
uum desiccator at room temperature; yield 2.2 g. 

(B) 2 g. vetch legumin [the same as in (A)] was dissolved in lOOcc. 10% NaCl, 7 g. 
NaNOo was added, cocjled with ice water, and dilute acetic acid added until pH 4.9 was 
reached. I'he mixture was kept for tO minutes in ice water, then dialyzed in cold 
water; the deaminoleguinin was obtained pure as described in (A). 

Like legumin, both deaininated products dissolve in 10% NaCl or 0,01 
A alkali. The rotatory power and viscosity of these solutions is almost 
the same as for legumin. Also, the dependence of rotation on pH is the 
same. The reducing capacity is somewhat smaller than the reducing ca¬ 
pacity for legumin^ because the SII groups are oxidized by deamination. 
Ilowever, there is some difference when the rotations of solutions of legumin 
and deaminated legumin in detergent are compared. There is a small dif¬ 
ference in the dependence of [a]i) on pH in the case of deaminolegurnin-B 
and legumin, but the difference is rather large in the case of deamino- 
legumin-A, as shown in Figure 2. 

Optical Rotation^ Reducing Capacity, and Viscosity of Native and 

Denatured Legumin 

The most important results are summarized in Table VH. Osborne and 
Harries^® obtained for the purest samples of their legumin (in 10% NaCl) 
the specific rotation of —41 to —44°. The author of this article found a 
value of —42° for a twice-reprecipitated fraction of pea legumin in 2 Af 
KBr. This value did not change in the pH limits of 5.8-4$ (Fig. 1). For 
the sample of vetch legumin that was reprecipitated by acetone, this 
author found —46° (in 10% NaCl), and this value also did not change in 
the pH limits of 5.6~7.6 (Fig. 2). It is difficult to decide whether this 
somewhat higher rotatory power is due to a very slight denaturation; the 
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nitrogen content of this sample was the same as for the other products 
(about 17.4% for dry ash-free protein). 

TABLE VII 

Optical Rotation, Reducing Capacity, and Intrinsic Viscosity of 
Native and Denatured Legumin (Precipitated at 66% Saturation) 


Sample 

pH 

laJO 

Iodine 
for 0.1 g. 
protein, 
cc. 


Native legumin of pea in 2 M KBr 

5.8 

-42 3 

0.3 

0.003 

Native pea legumin in 10% NaCl 

5.8 

-42.0 

0.3 

0.003 

Native pea legumin in 0.5 M CaCU 

5.7 

-47.5 

0.4 

0.003 

Vetch legumin in 10% NaCl 

5.8 

-46.2 

0.5 

0.003 

Vetch legumin in dilute NaOH 

8.2 

-56.0 

3.9 

0.007 

Pea legumin in dilute CH 3 COOII 

3.9 

-75.1 

0.25 

0.005 

Pea legumin in 50% CILCOOH 

2.0 

-60.2 

0.5 

0.043 

Pea legumin with 40% propyl alco¬ 
hol and CaCh (final values) 

5.7 

-49 5 

0.4 

0.021 

Pea legumin with sodium salicylate 

6.4 

-59.5 

1.2 

0.032 

Vetch legumin with detergent 

6.0 

-60.2 

1 1 

0 010 

Pea legumin with detergent 

5.9 

-58.4 

1.1 

0.009 

Deaminated vetch legumin in dilute 
alkali 

7.4 

-55.6 

0.5 

0.008 

Deaminated vetch legumin-A in 
detergent solution 

5.7 

-58.0 

0.6 

0.011 


DISCUSSION AND CONCLUSIONS 

Consideration of the results shows that the reagents that usually cause 
denaturation produce an increase in rotatory power and viscosity. But 
there are some exceptions when the reducing capacity does not rise upon 
denaturation. In the cases of propyl alcohol and acetic acid the reducing 
< apacity is low, although the viscosity is high; the optical rotation is also 
high, at least for the solutions containing acetic acid. For solutions con¬ 
taining propyl alcohol the rise in rotatory power is only transitory. The 
intrinsic viscosity of legumin in solutions containing propyl alcohol or ace¬ 
tic acid is about 0.02, whereas in 10% NaCl it is about 0.003. The change 
is considerable, but not so great that a rather complete unfolding of the 
globular molecules of the native globulin should be assumed. The follow¬ 
ing fact can also be mentioned as a proof that there are not very long or 
loosely branched molecules. The minimum concentration of the protein 
necessary to produce jellies is very high for these solutions. In the cases 
of legumin denatured with acetic acid or propyl alcohol, loose jellies are 
formed only with 2-4% protein, whereas for true linear proteins {e,g., 
gelatin) a much smaller concentration (about 0.5%) is needed. The in- 
(Tease of viscosity with time indicates that the rise in viscosity might also 
he due to the development of structure in the system as a whole. This in¬ 
crease with time is surely not due to a progressive uncoiling, since there is 
no reason to assume that it must occur. In any case, if some uncoiling 
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occurs, it seems to be not very complete, i.e., the denaturation not very 
deep, and in the case of acetic acid the denaturation is deeper than in the 
case of propyl alcohol. It is also quite clear that these results confirm the 
opinion that there are several degrees of denaturation. 

The denaturation by salicylate or detergent is evident in all previously 
investigated properties. The most important observation is that not only 
the optical rotation of the protein but also the dependence of the rotatory 
power on pll is changed by these denaturing agents. Pauli and KolbP ob¬ 
served a similar behavior of ovalbumin that was denatured by heating of 
a solution containing urea. 

At pi I = 3 the solutions of the globulins in detergent solutions grow 
slightly turbid—the globulin coagulates. Tables III and VI show that, 
in such solutions, the decrease of the rotation angle with decreasing pH 
is accompanied by a decrease of reducing ability and viscosity. This 
behavior is easy to understand with the assumption that, under the in¬ 
fluence of hydrogen ions, the unfolded assymrnetric molecules of the pro¬ 
tein-detergent complex are transformed upon coagulation into more com¬ 
pact and isometric partic^les. It is quite clear that, with such a change, 
the reducing groups will be less accessible, and that the reducing capacity 
and viscosity must thereby decTease. 

It is noteworthy that deaminated legumin shows almost the same rota¬ 
tory power as untreated legumin, and even the same dependence of rotation 
on pH as legumin itself. Obviously, the rotation is not very dependent on 
the free amino groups, /.c., positive ionogene groups on the surface of the 
protein molecule 

The fact that deaminated legumin dissolves easily in a detergent solu¬ 
tion indicates that the free amino groups in the protein molecule are not 
very significant for the complex formation with detergent.The optical 
rotatory power of these solutions also differs very little from that of leg¬ 
umin. Somewhat greater is the difference in the dependence of rotation 
upon pH for legumin and deaminated legumin (Fig. 2). This might be 
regarded as a proof that the amino groups, i,e., positive ions in the surface 
of protein molecules, might have some influence on the configuration of the 
protein-detergent complex, although these groups are not essential for 
formation of the complex. The large lipophilic part of the detergent ion 
probably combines with the lipophilic part of the protein molecule, causing 
not only an increase of solubility, but also denaturation, with the resulting 
increase in viscosity, reducing capability, and optical rotation. 

The optical rotatory power seems to be one of the surest means of estimat¬ 
ing denaturation. The results show that it is possible to change the con¬ 
figuration of protein molecule to a certain extent in different ways with dif¬ 
ferent reagents; the dependence of specific rotation upon pH is thereby 
very characteristic.* 

Tlie author is grateful to Imperial Chemical Industries Ltd. and to Professor E. R. H. 
Jones, Director of the Chemistry Department, for facilities to perform this research. 



188 


B. JIRGENSONS 


References 

1. B. Jirgensons, J. Polymer ScLj 3, 635 (1948). 

2 . B. Jirgensons, ibid,, 4, 545 (1949). 

3. H. Neurath, J. P. Greenstein, F. W. Putnam, and J. A. Erickson, Chem. Revs., 34,157 

(1944). 

4 . W. Pauli and R. Weiss, Biochem. Z., 233, 381 (1931). W. Pauli and W. Kolbl, 

Kolloid-Beihefie, 41, 418 (1935). W. Pauli and L. Hofmann, ibid., 42^ 34 (1935). 

5 . H. J. Alinquist and D. M. Greenberg, J. Biol. Chem., 93, 167 (1931); 105 519 

(1934). D. M. Greenberg, in C. L. A. Schmidt, ed., Chemistry of the Amino Acids 
and Proteins, 2nd ed., Thomas, Springfield, 1943, p. 585, and literature cited 
therein. 

6 . H. Barker, J. Biol. Chem., 103,1 (1933). 

7. O. Lu(z and B. Jirgensons, Ber., 63, 448 (1930); 64, 1221 (1931). 

8 . H. S. Olcolt and II. Fraenkel-Conrat, Chem. Revs., 41, 182 (1947). 

9 . W. G. Myers and W. G. France, J. Phys. Chem., 44, 1113 (1940). J. D. F^rry, 

Advances in Protein Chem., 4, 1 (1948). 

10. B. Osborne and J. F. Harries, J. Am. Chem. Soc., 25, 842 (1903). 

11 . F\ W. Putnam, Advances in Protein Chem., 4, 80 (1948). H. P. Lundgren, D. W. 

Elam, and H. A. O’Connell, J. Biot. Chem., 149, 183 (1943). 


English Synopsis, see Summaries, page S3, Vol. V, 1950. 

Resume 

La rotation optique de la 16gumine native et de la legumine d6naiur6e par la chaleur, 
par I’acide ac4tique, par les alcalis, par I’alcool propylique, par le salicylate sodique et 
dod6cyl>benz^ne>sulfonate sodique, a 6t6 6tudi6e. Tons ces agents, sauf la chaleur, caus> 
ent une augmentation du pouvoir rotatoire de la 16gumine. L’angle de rotation de la 
legumine native est constant dans des limites de pH de 5,2 & 8,0, mais s’accroit en solu¬ 
tion acide et alcaliiie. Sous I’influeiice de concentration plus 61ev6e en alcali, la 16gumine 
est fortenient d6natur6e, et apr^ nautralisation et dialyse, elle devient insoluble dans 
une solution de NaCl 10%. Les variations de pouvoir rotatoire de la legumine ont 
comparees aux variations correspondantes du pouvoir r6ducteur, d6termin6es iodom6tri- 
quement, et comparees aux vicosites. 11 n’y a pas de changement de pouvoir r6ducteur 
par chaulTagc de solutions neutres jusqu’^ 90^, ou par traitement b Talcool propylique 
ou I’acide ac6tique 40-50%. Toutefois, la viscosity de la legumine trait6e dans tous 
ces cas mentionn6s ci-dessus est quelque pen plus elev6e que la vi8co8it6 de la 16guraine 
native. Le chauiTage de la legumine swhe durant trois heures a 100-105° cause seule- 
ment une denaturatiou 16g^re; apres chauffage durant trois heures ^ 115°, la 16gumine 
devient toutefois insoluble dans une solution de chlorure de sodium 10%. Les solu¬ 
tions de legumine dans des melanges alcool propylique-eau-sel ne manifestent qu’un 
acxsroissement passager de la rotation. L’angle de rotation de la legumine, en solu¬ 
tion dans I’acide ac6tique b 40% volume et en presence de sel & cation polyvalent, 
s’accroit en function du temps; imm6diatement apr^ ajoute du sel, les viscosit^s de ce 
solutions*diminuent puis, progressivernent une gelatinisation s’op^re, entrainant un ac- 
crossement de viscosity, qui d6passe considerablement la valeur initiale. I.<a d6pendance 
en fonction du pH de la rotation optique de la 16gumine et de la tub4rine, qui ont 6t^ 
d6natur6e par Je dod6cyl-benzhic-sulfonate sodique ou de salicylate sodique, a 6t6 
6 galement 6tudi6e. En solution acide. Tangle de rotation n6gatif d6croit *avec im 
accroissement de la concentration en ion hydrog^ne; en solution alcaline. Tangle de ro¬ 
tation ne s’accroit que faiblernent par uiie augmentation de pH. La 16gumiue, d6sainin6e 
par un agent doux, pr6sente g6n6ralement la m8ine d6pendance de la rotation sp6cifigue en 
fonction du pH que la 16gumine elle-mdme. La legumine d6samin6e se dissout dans une 
solution de detergent, et la rotation sp6ciiique de ces solutions pr^sente une dependence 
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16g6reinent difT^rente du pH de celle que pr^sentent les solutions correspondantes de 
16gumine. 


Zusammenfassung 

Die optische Drehung von nativem Legumin und von Legumin, welches durch Erhit- 
zen, Essigsaure» Alkalien, Propylalkohol, Natriumsalicylat und Natrium-dodecyl- 
benzol-sulfonat denaturiert war, warden untersucht. Es wurde festgestellt, dass alle 
erwahnten Mittel, niit Ausnahme von Erhitzen, eine Erhphung der optischen Drehung 
von Legumin bewirken. Der Drehwinkel von nativem Legumin ist in einem pH Bereich 
von 5.2-8.0 konstant, aber steigt in saurer und alkalischer Losung an. Unter Einfiuss 
einer grosseren Alkalikonzentration wird Legumin stark denaturiert, und nach Neutrali- 
sieren und Dialyse wird es in 10%igem NaCl unloslich. Die Anderungen der optischen 
Drehung von Legumin sind mit den entsprechenden Anderungen des durch Jodtitration 
erhaltenen Reduktionsvermogens und der Mskositat verglichen worden. Beim Erhitzen 
von nahezu neutralen Lbsungen bis 90° tritt keine Anderung des Reduktionsvermogens 
ein, ebensowenig bei Behandlung mit Propylalkohoi oder 40-50%iger Essigsaure. In 
alien Fallen ist die Viskositat von so bchandeltern Ijegumin jedoch etwas hoher als die 
Viskositiit von nativem Legumin. Erhitzen von trockenem Legumin wahrend 3 Stunden 
auf 100-105° verursacht nur eine Icichte Denaturierung, aber nach dreistiindigem 
Erhitzen auf 115° wird Legumin in 10%iger NaCl unloslich. Die Losungen von Legumin 
in Propylalkohoi -Wasser-Salz Gemischen zeigen nur eine voriibergehende Zunahme der 
Drehung. In Lbsungen, die 40 Vol.% Essigsiiure und ein Salz mit polyvalentem Ration 
enthalten, nimmt der Drehwert nach einigen Stunden Allmahlich zu; sofort nach 
Zugabe von dem Salz nirnmt die Viskositat dieser Losungen ab, aber nach und nach 
tritt Gelatinierung ein, und die Viskositat steigt weit iiber ihren anfanglichen Wert an. 
Die Abhangigkeit der optischen Drehung vom pH fiir Legumin und Tuberin, die durch 
Natrium-dodecyl-benzol-sulfonat oder Natriumsalicylat denaturiert worden waren, ist 
untersucht worden. Es wurde gefunden, dass in saurer Lcisung der negative Drehwert 
mit zunehmender Wasserstoffionenkonzentration abnimmt. In alkalischer Losung nimmt 
der Drehwert mit steigendem pH nur wenig zu. Leicht desamihiertes Legumin besitzt 
fast die gleiche Abhangigkeit der specifischen Drehung vom pH wie Legumin selbst. 
Desaminiertes Legumin lost sich in Detergentienlbsung und die specifische Drehung 
solcher Lbsungen besitzt eine etwas verschiedene pH Abhbngigkeit als die entsprechen¬ 
den [jegurninlbsungeii. 

Received January 4, 1949 
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merizations with Commercial and Pure Soaps* 


C. W. CARR, I. M. KOLTHOFF, E. J. MEEHAN, and R. J. 
STENBERG, School of Chemistry, University of Minnesota, Minneapolis, 

Minnesota 


INTRODUCTION 

From a practical and theoretical point of view it is of importance to 
study the effect on the rate of polymerization of the kind and amount of 
emulsifier used in the polymerization of butadiene (75) and styrene (25). 
This general problem was studied in several of the laboratories which co¬ 
operated in the government program of research on synthetic rubber. 
The following series of reports summarize the work done on the problem 
in this laboratory. Also included in this series are the results of work done 
on the closely allied problems of the effect of the amount of polymer 
formed in the latex, the size of the polymer particles, and the presence of 
added electrolyte on the rate of polymerization. 

This first paper presents the time-conversion curves obtained with the 
use of the GH-S recipe in which commercial and pure soaps are compared. 
Early in the synthetic rubber program it was known that the degree of 
purity of the fats and oils used in manufacturing the commercial soaps 
has a significant effect on the rate of polymerization. Thus the purpose of 
this investigation was to find the difference between commercial soaps and 
soaps prepared from purified fatty acids on the rate of polymerization, and 
to determine which substances in the (commercial soaps are respcjnsible 
l()r the difference. This resulted in a large number of commercial soaps 
being compared with pure soaps and mixtures of pure soaps for their ability 
to promote the (‘inulsion polymerization of butadiene (75) and styrene 
(25). 


EXPERIMENTAL PROCEDURE 

Polymerizations were carried out according to the GK-S recipe; buta¬ 
diene, 75; styrene, 25; emulsifier, 5.0; n-dodeeyl mercaptan, 0.5; potas- 

♦ This investigation was c.arried out under the sponsorship of the Ofiice of Rubber 
Reserve, Reconstruction Finance Corporation, in connection with the I J. S. Government 
Synthetic Rubber Program. 
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sium persulfate, 0.3; water, 180 (all parts by weight). The materials 
for each run consisted of 50 g. of monomer and proportionate amounts of 
the other substances. The butadiene was 98.5% pure or better, and the 
styrene was free of inhibitors. A commercial mixture of primary mer- 
captans (principally n-dodecyl mercaptan) was used as modifier, and the 
potassium persulfate was of analytical reagent grade. The source and 
purity of the emulsifiers used will be given in the description of the various 
experiments. 

Each charge was placed in an 8-ounce screw-(;ap bottle^ and the bottles 
were kept at 0®C. At the start of the polymerization the bottles were 
placed in a thermostat at 50°C. and rotated end-over-end for various pe¬ 
riods of time. The rate of polymerization was determined by taking 
weighed samples of latex from the bottles at the various times by use of the 
stopcock method.^ A small amount of hydroquinone was added to the 
latex to stop further polymerization, and then the latex was evaporated 
to dryness in a weighed dish. The percent conversion was then calculated 
from the weight of latex sample taken and the weight of the dried residue, 
taking into account the weight of the solids initially present (soap, persul¬ 
fate, and mercaptan). 

INHIBITORS OR RETARDERS OF POLYMERIZATION IN 
COMMERCIAL SOAPS 

Soon after this work was started, it was found that linoleic and linolenic 
acids present in commercial soaps act as retarders in the GR-S recipe. 
The hourly rate of conversion was decreased in direct proportion to the 
amount of these two substances present. On the other hand, such im¬ 
purities in (jornrnercial soaps as Uwopherols and lecithin have no appreci¬ 
able effect on the rate of conversion oven when added in relatively large 
quantities. 

Wilson and Pfau^ have reported in considerable detail their work on this 
problem. Our results are in complete agreement with theirs and will 
therefore be summarized only briefly. 

Dr. W. C. Ault of the Eastern Regional Research Laboratories at Phila¬ 
delphia kindly supplied us with samples of the purest fatty acids available. 
The following information on the fatty acids was given by Dr. Ault. 

Stearic acid: melting |)oiut 69-70 ®C., acid iiuniiier 198.7, and iodine number 0. 
Palmitic acid: melting p<iint 57.3-60.0®C., acid number 219, and iodine number 
0.25. 

Oleic acid: This material was prepared by a low temperature crystallization and frac¬ 
tional distillation procedure. Contains 98.3% oleic acid and 1.7% saturates. 

Linoleic acid: It was prepared by the bromiiiation of corn oil fatty acids. The tetra- 
bromostearic acid was recrystallized and then the fatty acid obtained by reduction with 
zinc. The iodine number of this material was given as 182.3 (theory 181.0) and the acid 
number as 196.8 (theory 200). According to Dr. Ault, it is possible that there is a trace 
of ester present to account fc)r the low acid number, but the product should be better 
than 98% linoleic acid. 
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Solutions of the potassium soaps were prepared from stearic and palmitic 
acids and of the sodium soaps from oleic and linoleic acids« This was done 
with standard potassium and sodium hydroxide* solutions, respectively. 
An excess of 2% of fatty acid was present in the soap solutions. Twelve- 
hour polymerizations were carried out with potassium palmitate, potas¬ 
sium stearate, and sodium oleate. Various portions of sodium linoleate 
or water were substituted for equal portions of potassium palmitate and 
the mixtures were also used in twelve-hour polymerizations. 

According to the data in Table I the pure soaps, potassium palmitate, 
potassium stearate, and spdium oleate, all gave the same conversion after 
12 hours at 50°C. The conversions were practically identical with those 
obtained with the control soap, Mixtures of palmitate and oleate gave the 
same conversions as the unmixed soaps, showing that the iodine value is of 
no consequence in regard to the rate of polymerization. 

TABLE I 

Twelve-Hour Polymerizations with Soaps of Pure Fatty Acids and 
Mixtures of Pure Soaps 

Conversion 


Soap or soap mixture % 

Potassium palmitate" . 78 

Potassium stearate. .. 78 

Sodium oleate. 78 

95 parts |jotassium palmitate + 5 parts sodium oleate . 78 

50 parts potassium palmitate + 50 parts sodium oleate . . . 79 

95 parts potassium palmitate + 5 parts sodium linoleate. 72 

90 parts potassium palmitate + 10 parts sodium linoleate. 66 

Commercial soap, Procter & Gamble, Rubber Reserve quality 

(control). 78 


« Equivalent amounts of soap were used; 5% sodium soaps and 5.25% potassium 
soaps on the basis of the monomers. 


Substitution of 5% of palmitate by linoleate resulted in a decrease of 
6% of the conversion or of 1.2% per 1% linoleate present in the palmitate. 
Substitution of 10% of palmitate by linoleate resulted in a decrease of 12% 
of the conversion or again 1.2% per 1% linoleate present in the palmitate. 
This figure is in close agreement with that given by Wilson and Pfau.® 
These authors also give figures which show that the retarding effect of 
linolenate is greater than that of linoleate. 

It was of interest to know whether the linoleate acts as a “retarder” or 
ns an “inhibitor” in the GR-S polymerization. For this reason the time- 
conversion curves with pure palmitate solutions and a mixture of palmitate 
and linoleate are presented in Figure 1. If the linoleate would act as an 
inhibitor, an induction period should be found. The results show conclu¬ 
sively, however, that^ linoleate is a retarder and not an inhibitor, i.c., there 
is no induction period, and the hourly rate of conversion is decreased 
throughout the entire course of the polymerization. Again this is in 
agreement with the results of Wilson and Pfau.* 
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Fig. 1. Effect of linoleate on conversion in GK-S recipe. 
O potassium palmitate; <3 90 parts potassium palmitate + 
10 parts water; €> 91.3 parts potassium palmitate + 8.7 parts 
sodium linoleate. 



0 3 6 9 12 


Time, Hourt 

, Fig. 2. E^ect of linoleate on conversion in GR-S recipe 
(sulfole B-8 modifier). O 100 $. F. flakes; 0 95 S. F. flakes 
+ 5 linoleate; Q 90 S. F. flakes + 10 linoleate. 
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One experiment was carried out to determine whether or not linoleate 
exerts a retarding effect when tertiary mercaptans instead of the primary 
rnercaptans are used as modifier. A commercial mixture of tertiary mer¬ 
captans (approximately C 12 -, supplied by the Phillips Petroleum Company 
under the trade name Sulfole B-8) was used with the standard soap and 
with mixtures of this soap with linoleate. The results are shown in Figure 
2. It is seen that linoleate exerts a retarding effect when the tertiary mer¬ 
captan mixture is used as a modifier. 1% of linoleate in the soap causes a 
retardation of about 1.2% in the conversion after 12 hours of polymeriza¬ 
tion at 50°C., ill agreement with the retardation found with n-dodecyl 
mercaptan as a modifier. 

Lecithin and toc^opherol are two impurities likely to be found in com¬ 
mercial soaps. Accordingly, polymerizations were carried out to test the 
effect of these substances on the rate of reaction. 

Tocopherol and lecithin samples were received from Dr. W. C. Ault. 
The tocopherol concentrates (a, /3, and y) contained 34.0% tocopherols, 
the lecathin was a commercial soybean product and probably a mixture of 
the phospholipids and neutral fat containing 50 to 60% phospholipids. 
The concentrations reported below are expressed in terms of the actual 
amounts for the tocopherol and in terms of the concentrate for the lecithin. 
Dr. Ault states that the tocopherol content of tallows would rarely, if ever, 
exceed a few thousandths or at most a few hundredths of one per cent. 
On the other hand, lecithin-like materials might occur to an appreciable 
extent. Therefore, it seems probable that tests covering the range up to 
0.2% should be sufficient. 

In the following experiments known amounts of the lecithin and tocoph- 
i‘rol samples were added to solutions of standard soap, and the amounts 
used are expressed in parts added per 100 parts of soap. The results of 
the polymerization experiments are given in Table II. 

TABLE II 

Effect of the Addition of Lecithin and TocopheroLwS to the Recipe 
IN GR-S Polymerizations 


Addition to coniiiiercial 
soap. Rubber Reaerve 

Percent conversion after: 

quality 

3 hrs. 

6 hrs. 

12 hrs. 

0. 

16 

37 

78 

0 2% lecithin . 

. . 15 

36 

77 

0.4% lecithin . 

16 

37 

78 

0.01% tocopherol. 

. 15 

35 

77 

0.1% tocopherol. 

. 10 

32 

72 


It is seen that lecithin and tocopherols in amounts in which they may 
occur in commercial tallow soaps do not affect the rate of conversion. 
Even excessive amounts of lecithin do not affect the conversion. On the 
other hand excessive amounts of tocopherols decrease the conversion. 
Such amounts cause an induction period. As may be seen from the table, 
the rate of conversion is normal after the induction period. Thus, tocoph- 
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erol does not act as a retarder, but as an inhibitor. Apparently it is de¬ 
stroyed during the induction period. 

TESTING OF COMMERCIAL SOAPS IN THE GR-S 
POLYMERIZATION 

In the previous section it was shown that linoleate (and linolenate) are 
the only substances that act as retarders in soaps. When fatty acids con¬ 
taining linoleate and linolenate are partially hydrogenated until all linole¬ 
ate has disappeared, the soap prepared from such fats should give a rate of 
conversion comparable to that obtained with soaps prepared from pure 
fatty acids. Further experiments have fully substantiated this conclusion. 

Two one-pound samples of soaps made from hydrogenated marine oil 
were received from Proc'ter & Gamble with the information that marine 
oils contain anywhere from 15 to 20% C-20 and higher fatty acids. 

Twelve-hour polymerizations at 50®C. were run, using these soaps in 
charges made according to the GR-S recipe. The percent conversion, the 
iodine values and thiocyanogen values of the soaps used in the polymeriza¬ 
tions are given in Table III. The latter two values were supplied by Proc¬ 
ter & Gamble. Polymerizations with these soaps resulted in satisfactory 
conversions, for the percent conversions were the same as with the control. 


TABLE III 

Conversion after Twelve Hours at 50 ®C. with Soaps Made from 
Hydrogenated Marine Oils 


Soap 

sample 

Percent 

conversion 

Iodine 

value 

Thiocyanogen 

value 

Difference 

HF-1 

77 

72.3 

69.7 

2.6 

HF.2 

77 

49 7 

47.5 

2 2 

Control 

77 

— 

— 

— 


TABLE IV 



Conversion after 

Twklvk Hours at 50®C. 
Hydboorn\ted So\P8 

WITH Lever 

Broth E] 

Soap 

sample 

Percent 

conversion 

Iodine 

value 

Thiocyanogen 

value 

Differonr.e 

R2RB 

72 

51.5 

46.8 

4 7 

R2RB-H1 

76 

41.1 

38.4 

2 7 

R2RB-H2 

77 

32.6 

30.9 

1.7 

R2RB-H3 

78 

20.8 . 

19.2 

1,6 

R3RB 

67 

59 1 

50.9 

8.2 

R5RB-H1 

76 

39.7 

37.2 

2.5 

R5RB-H2 

77 

31.0 

29.4 

1.6 

R5RB-H3 

78 

22.2 

20.7 

1.5 

Control 

77 



— 


Further polymerizations with soaps of varying degrees of hydrogenation 
were carried out. The soaps were prepared by Lever Brothers from tallows 
R2RB and R5RB which had been hydrogenated at 150®C. with nickel 
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catalyst. Each tallow was hydrogenated to 3 different degrees of unsatu¬ 
ration indicated by Hi, Hg, and H 3 in the soap number. The percent con¬ 
version, the iodine value, and thiocyanogen values of the fatty acids are 
shown in Table IV. The fatty acid analyses were supplied by Lever 
Brothers. 

Apparently hydrogenation to an iodine value of approximately 40 is suf¬ 
ficient to give a conversion comparable to that of the control. Selective 
hydrogenation of linoleate and linolenate in the fats occurs. Once these 
substances are eliminated, no further hydrogenation is necessary, and the 
fats yield soaps with which normal rates of conversion are obtained. 

Polymerizations have been carried out to test the effect of purity (dis¬ 
tillation) and composition of fatty acids from which the soap is prepared. 
Most of the samples were received from Procter & Gamble, and they varied 
greatly in composition. Some of them were pressed and some were dis¬ 
tilled. A few samples of Emery stearic a(‘id were also investigated. 

The l^rocter & (iamble soap samples are described as follows (letter from 
Victor Mills of Procter & Gamble): 

“1. Sodium soap of the free fatty acids from partially hydrogenated and distilled red 
oil. 2. Sodium soap of the free fatty acids from partially hydrogenated red oil (not dis¬ 
tilled). 3. Sodium soap of single pre.ssed stearic acid. 4. Potassium soap of single 
pressed stearic acid. 5. Sodium soap of single pressed stearic acid distilled as such. 6. 
Potassium soap of single pressed stearic acid distilled as such.” 

As communicated by Mr. Mills, the red oil was hydrogenated to an iodine 
value of 44. The amount of hydrogenation given was ample to eliminate 
all polyunsaturated acids. He states further that both the red oil and the 
stearic acid were derived from the same lot of tallow which was hydrolyzed 
to fatty acids; the fatty acids were separated into red oil (most oleic acid) 
and steari<t acid by the usual pressing operations. 

Sodium and potassium soaps were prepared in this laboratory from Em¬ 
ery single pressed stearic acid. In a letter from W. H. Shields of Emery 
Industries, Inc., the following information was supplied: 

‘‘Liquid Kontaki and Kontakt D.P. Acid are uwd as fat splitting reagents. In the 
distillation of the fatty acids these reagents are left behind in the still residue. When 
the fatty acids are separated without distillation, the reagents are left in the fatty acids, 
the major portion being found in the oleic acid after the pressing. The two samples of 
single pressed stearic acid are approximately the same in titre, iodine value and composi¬ 
tion excepting one has been pressed from distilled fatty acids and the other from undfs- 
tilled fatty acids.” 

In Table V are given the results obtained with the soap samples as ob¬ 
tained from Procter & Gamble. In the experiments reported in Table VI 
the soaps were prepared in solution by neutralizing the various fatty acids 
with sodium or potassium hydroxide. 

Considering the fact that none of the soaps used for the experiments in 
Table V had been made completely water-free by drying, the agreement be¬ 
tween the results in Table V and Table VI is satisfactory. The same rates 
of conversion were found with the soaps of distilled and of undistilled single 
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pressed stearic acid using both samples from Procter & Gamble and from 
Emery Industries. Therefore, when the soaps are free of linoleate and 


TABLE V 

POLYMKRIZATIONS WITH DIFFERENT SOAP SAMPLES FROM PROCTER & 

Gamble 

Percent con version after; 

3 hrs. 6 hrs. 9 hrs. 12 brs. 


Soap sample 

Sodium soap of partially hydrogenated 

and distilled oleic acid. 

Sodium soap of partially hydrogenated 

oleic acid (not distilled). 

Sodium soap of single pressed stearic 

acid ... 

Potassium soap of single firessed stearic 

acid®. .... . 

Sodium soap of single pressed stearic 

acid (distilled). 

Potassium soap of single pressed stearic 

acid (distilled)®. 

Control. 

® Kquivalent amounts of soap were used; 
soaps on basis of irionorners. 


18 

— 

— 

79 

17 

— 


77 

17 

37 

r- 

80 

15 

34 

— 

78 

18 

40 

60 

77 

18 

40 

60 

77 

18 

38 

58 

77 

5% sfidium soaps 

and 5.25% 

, potassium 


TABLE VI 

Polymerizations with Soaps Prepared in This Laboratory from 
Emery Industries and Procter & Gamble Fatty-Acids 


Source 

of 






fatty 

acid 



Percent conversion after: 


Type of soap 

3 htB. 

6 hrs. 

9 hrs. 12 hrs. 

Procter & 

Sodium soaj) of hydrogenated 

20 

12 

61 

81 

Gamble 

and distilled oleic acid 

Sodium soap of hydrogenated 

18 

38 

61 

78 


oleic acid (not distilled) 
Sodium soap of single pressed 

20 

12 

63 

81 


stearic acid 






Potassium soap of single 

20 

38 

63 

79 


pressed stearic acid® 

Sodium soap of single pressed 

19 

42 

63 

81 


stearic acid (distilled) 





Emery In¬ 

Sodium soap of single pressed 
stearic acid (distillea) 

21 

42 

65 

81 

dustries 






Potassium soap of single 

19 

39 

63 

78 


pressed stearic acid 
(distilled)® 






Sodium soap of single pressed 

17 

42 

63 

80 


stearic acid (not distilled) 





Control 


16 

38 

58 

78 


“ Equivalrat aiiiouuta of soap were used; 5% sodium soaps and 5.2iy% potassium 
soaps on Basis of monomers. 

linolenate, a purification of fatly acids by distillation does not result in 
increased conversion. 

POLYMERIZATIONS WITH POLYMER SOAPS 

At the request of Dr. O. W. Burke, Jr., of Rubber Reserve Company, the 
use of a number of polymer soaps as emulsifiers in GR-S polymerizations 
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was investigated. Werner G. Smith Company sent ns samples of the fol¬ 
lowing sodium soaps. 

From soya bean oils: Polysoy; Poly soy-dimers; Polysoy-dimers, partially hydro¬ 
genated. 

From marine oils: Celesterol acids; Polyrnar-tetrarners; Polyraar-tetramers, par¬ 
tially hydrogenated. 

From linseed oils: Polylia; Polyliii-trirners; Polylin-trimers, partially hydrogenated 
(sample 1); Polylin-trimers, partially hydrogenated (sample 2). 

In TabJe VII are data for the fatly acids from which the soaps were pre¬ 
pared as supplied by Dr. F. C. Haas of Werner G. Smith Company, 


Tablk VII 

Analysis of F ^tty Acids from Which Polymer Soaps Were Prepared 


Free 

fatty 

aciOH 


Polysoy . 

100 

Polysfiy-dirners 

Polysoy-dirners, partially hydro¬ 

95 8 

genated 

Celesterol acids 

96.2 

Pol y mar-telra mers 
Polyrnar-tetrainers, partially hy¬ 

87 1 

drogenated . 

Polylin .... 

— 

Polylin-trimer.s 

Polylin-trimers, partially hydro¬ 
genated (sample 1) 
Polylin-trimers, partially hydro¬ 

92 5 

genated (sample 2) 

Control . 

_ 


Iodine 

Saponifi¬ 

cation 

Acid 

Polymeri¬ 
zation, 
in percent 
after 

value 

value 

number 

12 hra. 

91 8 

202.0 

198 8 

44 

100 5 

195.5 

190.4 

43 

_ 

_ 

_ 

43 

119 8 

198 0 

191.2 

39 

146 0 

186 0 

173 3 

25 

— 


_ 

33 

— 

— 

— 

35 

118 0 

191 0 

183 8 

35 

— 

— 

— 

45 

_ 

_ 

_ 

31 

— 

— 

— 

78 


According lo Dr. Haas, each of the oils was subjected to selective poly¬ 
merization until the desired viscosity was obtained. The monomer frac¬ 
tion of those designated as dimers, trimers, and tetramers was then re¬ 
moved b\ distillation. Th(‘ oils were then converted into fatty acids and 
saponified. In a letter the following is stated by Dr. Haas: 

“No oiu* is quite certain ol* the <*xacl ooiufiosition of these acids. However, we can 
state that as long as the iodine value is atM)ve 8.7, tla*re must he a linoleate portion pres¬ 
ent equivalent lo 1.1 times the iodine \ alue above 85. 1 n other words, if the iodine value 

is 110, there will be approximately 27% of linoleate {Kirtion. We doubt very much 
whether there will be any linolenate or higher iinsaturated portions present, due to the 
fact that the higher unsaturated acids will be the first to polymerize. 

“Following are the approximate compositions of the various acids: 

Polysoy Dimers: Monomers none, Dimers 65%, Trimers and higher Poly acids 
35%. 

Polylin Trimers: Monomers none, Dimers 45%, IVimers and higher Poly acids 55%. 

Polymar Tetramers: Monomers none. Dimers 30%, Trimers 30%, Tetramers and 
higher Poly acids 40%. 

“We have determined the molecular weight to be approximately as follows: Dimer 
acids 680, Trimers 840, Tetramers 1050.” 
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The percent conversion after 12 hours obtained by using these soaps as 
emulsifiers in the GR-S recipe is shown in Table VII; it is seen that these 
soaps all give a small rate of conversion. The polysoy and polylin-trimers 
(partially hydrogenated, sample 1) gave the highest conversion which are 
only of the order of 43-45% after 12 hours as compared with 78% obtained 
with the control. Since these soaps gave faster polymerizations than the 
other samples, conversions with these two products were determined after 
a longer time. These two soaps gave 72 to 74% conversion after 18 hours 
at 50°C. 

It was thought that the rate of conversion could be iiKireased consider¬ 
ably by taking 10 parts of soap instead of 5 parts (GR-S recipe). However, 
even with these large amounts of soap, only 58% conversion was obtained 
after 12 hours. Thus, it seems apparent that these polymer soaps, which 
are of somewhat indefinite composition, are not as suitable for general use 
in the GR-S recipe as the ordinary fatty acid soaps. 

References 

1. A. 1. Medalia, J. Polymer iSci., 1,245 (1946). 

2. J. W. Wilson and E. S. Pfau, Ind. Eng. Chem., 40, 530 (1948). 

English Synopsis, see Summaries, page S4, VoL V, 1950. 

Resume 

savous aK^aliiis des aoides gras, steariquc, palmitiqiie et ol^iquc, produiseiit tons la 
rn^ ne vitesse de conversion dans la preparation dii GR-S, oO ils sont utilises corrime 
emulsifiants. La presence de linoieate dans le savori cause une diminution de vitesse 
appreciable. Tons les savons commerciaux, purs de linoieate, donnent la inOrne vitesse 
de conversion, que les savons purs, tocopherol et la ledthine n'exerceiit aucun effet 
sur la vitesse de polymerisation, du moins si leur concentration ne depassent pas les 
quantites qui sont normalement presentes dans les savons cxjinriierciaux. En cas de 
concentration plus elevee, Ic Uwopherol agit comine inhibiteiir, occasionnant une periode 
d*induction typique. I^es rendements sont indiques en presence de savons de polymen* 
au lieu de savons d’acides gras. 

Zusamnienfassung 

Die Alkaliseilen der Fettsauren, IStearin-, Palinitin-, und Oleinsiiure, xeigen alle die 
gleiche LTmsatzgeschwindigkeit, wenn sie als Emulsionsmittel in der GR-S Vorschrift 
benutzt werdcn. Linoleat in der Seife verursacht eine ziemlich starke Verzdgerung. 
Alle Handelsseifen, die kein Linoleat enthalten, gaben die gleiclie I tinsatzgeschwindigkeit 
wie reine Seifen. Tokopherol und Ijccithin in Mengen, wie sie in Handelsseifen gefunderi 
werden, haben keinc Wirkung auf die Polymerisationsgeschwindigkeit. In grosseren 
Konzentfationen wirkt "Fokopherol als Inhibitor, indem es eine typisohc IndukUons- 
periode hervorruft. Urnsatzgeschivindigkeiten uiiter Benutzung von polyrneren iSeifen 
an Stelle von Fettsaureseifen sind angegeben. 

Received March 28,1949 
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Studies on the Rate of the Emulsion Polymerization 
of Butadiene-Styrene (75:25) as a Function of the 
Amount and Kind of Emulsifier Used. 11. Poly¬ 
merizations with Fatty Acid Soups, Rosin Soaps, 
and Various Synthetic Emulsifiers* 

C. W. CARH, I. M. KOLTHOFF. E. J. MEEHAN, and D. E. 
WILLIAMS, School of Chemistry, University of Minnesota, Minneapolis, 

Minnesota 


INTRODUCTION 

The first paper of this series^ was concerned with the comparison of 
commercial and pure soaps in the emulsion polymerization of butadiene- 
styrene (75:25) according to the GR-S recipe. It was shown that certain 
unsaturated sfiaps, such as linoleate, which are present as impurities in 
commercial soaps, act as retarders for the polymerization, and that other 
impurities (lecithin and toc’opherols) have no appreciable effect on the 
rate of the pcjlymerization. As a continuation of this general problem of 
the effect of the emulsifier in the GR-S recipe, we report in this paper more 
data on the rate of conversion when different types of emulsifiers are used. 
These emulsifiers include sodium or potassium soaps of stearic, palmitic, 
myristic, lauric, and capric acids, several “rosin” soaps, and a number of 
synthetic detergents. 

The experimental prof'edure was the same as that described in the pre¬ 
vious paper.* Time-conversion curves at 50°C. were obtained for the GR- 
S recipe in which these various emulsifiers were substituted for the stand¬ 
ard soap; 5 parts of the emulsifier per 100 parts of monomers being used in 
all experiments. 

POLYMERIZATIONS WITH FATTY ACID SOAPS 

The commercial soap used in the GR-S polymerization contains princi¬ 
pally the fatty acids of 16 and 18 carbon atoms. Although not of direct 
practical interest, it was of theoretical interest to determine the rate of con¬ 
version when fatty acid soaps of shorter chain lengths were used. Sodium 
or potassium soaps were prepared from capric, lauric, myristic, palmitic, 

* This investigation was carried out under the sponsorship of the Office of Rubber 
Reserve, Reconstruction Finance Corporation, in connection with the U. S. Government 
Synthetic Rubber Program. 
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and stearic acids. The Cio, C 12 , and Cu acids were Eastman products; the 
palmitic and stearic acids were obtained from Dr. W. C. Ault of the Eastern 
Regional Laboratories. The time-conversion curves for polymerizations 
using these soaps are shown in Figure 1. 



0 4 6 12 16 20 24 26 


Time, Hours 

Fig. 1. GR-S polymerizations with fatty acid soaps of varying chain 
length. O Cih; 3 Cie; C) C14; 0 C 12 ; ® Cio» 

As shown in the previous report, there is no detectable difference between 
the C 16 and Cia soaps. On the otJier hand, with myristate, iaurate, and 
caprate the initial rate of polymerization becomes progressively lower. 
After about 20% conversion, however, the rate has increased to such an 
extent that the further rate of polymerization approaches that of the Cw 
and Ci8 soaps. 

POLYMERIZATIONS WITH SOME SYNTHETIC EMULSIFIERS 

The following work was carried out with the use of a number of synthetic 
emulsifiers which are now commercially available instead of fatty acid soaps. 
These emulsifiers are as follows. 

(i) Aerosol-18 (American Cyanamid Co.) Disodium salt of sulfonated rnono-n- 
octadecyl succinamide. (2) Aorosol-AY (American Cyanamid Co.) Sodium salt of 
sulfonated diamylsuccinate. (3) Daxad-11 (Dewey and Almey Chemical Co.) Poly- 
alkylaryl sulfonate. (4) Duponol (Dupont) Aryl sulfate. (5) Aquarex D (Naugatuck 
Chemical Co.) Sodium lauryl sulfonate. (6) Ernulphor-O (General Dyestuff Corp.) 
Condensation product of oleyl alcohol and ethylene oxide. (7) Triton R-lOO (Rohm & 
Haas Co.) Neutral sodium salt of a complex organic acid. 

Many polymerizations were also carried out with sodium carbonate or 
borax added to the recipe to serve as buffers. The results of the experiments 
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are summarized in Table 1 and indicate that none of the emul^ers tested 
promotes the GR-S polymerization to the same extent as soap. The highest 
conversions obtained were less than 60% after 12 hours. 

TABLE I 

Polymerizations with Various Synthetic Emulsifiers (50 °C.) 

Percent conversion after: 


Emulsifier 

Further addition 

6 hrs. 

12 hre. 

Aero.sol-18. . . , 

No addition 

5 

30 


0.05 M NajCO, 

12 

35 


0 05 M l)orax 

11 

39 

Aerosol MA . . 

No addition 

13 

42 

Aerf)Sol-AY 

No addition 

5 

17 


0 05 Af borax 

— 

28 

Daxad-11 . 

No addition 

3 

19 


0 05 M NaoCO, 

7 

20 

Dupanol. 

No addition 

20 

57 


0 05 M borax 

23 

56 

Aquarex D . 

No addition 

16 

55 


0 05 M Na2C03 

17 

44 


0.05 M Ixirax 

18 

59 

Ernulphor 0 

No addition 

21 

41 


0 05 M NaoCOa 

18 

32 


0 05 M borax 

16 

28 

Triton It-100 

No addition 

5 

19 


0 05 M Na,>CO.^ 

— 

15 


0 05 M borax 


21 

Soap (control) 


38 

78 


POLYMERIZATIONS WITH DISPROPORTIONATED ROSIN 

SOAPS 

The use of disproportionated (dehydrogenated) rosin soap in the GR-S 
recipe was introduced by Fryling.^® In a purified form it was soon found 
to be an adequate substitute for the fatty acid soaps. Other investigators 


TABLE II 

Description of Disproportionated Rosin Samples 


Sample 

Source 

Acid No. 

X-3518-92 

Paul G. Carpenter, Hercules Powder Co. 

184 

Hercules 731 

H. M. Spurlin, Hercules Powder Co. 

165.1 

K-wood 

H. M. Spurlin, Hercules Powder Co. 

155.4 

X-wood 

I. E. Knapp, Southern Regional Labs., 



Naval Stores Research Division 

169 

X-gurn 

I. E. Knapp, Southern Regional Labs., 



Naval Stores Research Division 

162 

N-wood 

1. E. Knapp, Southern Regional Labs., 



Naval Stores Research Division 

164 

N-gum 

I. E. Knapp, Southern Regional Labs., 



Naval Stores Research Division 

167 

Scrape gum 

I. E. Knapp, Southern Regional Labs., 



Naval Stores Research Division 

172 
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have confirmed these results.* As a part of the program for the develop¬ 
ment of the use of the rosin soaps, GR-S polymerizations with various 
rosin soaps were carried in this laboratory. Samples of rosins were received 
from other laboratories which were concerned with the problems of their 
preparation and further purification. Our work consisted primarily of 
testing these samples for their eflFect on the rate of polymerization. 



0 3 6 9 12 B B 

Time, Hours 

Fig. 2. GR-S polymerizations with various 
rosin soaps. O control, S* F. flakes; Q Rosin 
X-3518-92; O Rosin 731; # Scrape gum rosin. 


The rosins used in these experiments are listed in Table II. The rosin 
acids were neutralized with sodium hydroxide solution, using 5 parts of 
sodium rosinate per 100 parts of monomers. 

The conversions obtained with the sodium salts of the various rosin acids 
are given in Table III; in Figure 2 are shown the time-<^onversion curves 

TABLE III 

Polymerizations with Various Rosin Soaps at 50 ®C. 

Polymerisation time in hours 

l^mple 3 6 9 12 14 18 

Ck>tiverBions in per cent 


X-3518-92 

10 

21 

38 

61 

72 

83 

Hercules. 731 

8 

19 

34 

53 

63 

78 

K-wood 

6 

14 

26 

43 

55 ' 

74 

X-wood 

8 

21 

37 

55 

65 

80 

X-gum 

7 

16 

32 

52 

62 

77 

N-wood 


20 

35 

54 

65 

82 

N-gum 

— 

13 

24 

39 

50 

68 

Scrape gum 

— 

11 

22 

34 

45 

63 
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for rosins of 3 different activities as compared with that for fatty acid soap 
(SF flakes). 

The per cent conversion for these samples in 14 hours at 50®C. varied 
between 45 and 72. The most active sample was X-3518-92. Samples 
giving conversions of 65% included Hercules 731, N-wood, and X-wood 
rosins. The other samples were of lower activity, the lowest being scrape 
gum rosin with a conversion of 45% in 14 hours. 

Polymerizations were carried out also with the potassium salt of sample 
X-3518-92. The time-conversion curve was identical with that obtained 
with the sodium salt. 

According to Dunbrook^^ disproportionated wood rosin contains about 
50% dehydroabietic acid, together with smaller amounts of dihydroabietic 
and tetrahydroabietic acids. In addition neutral bodies are present which 
act as diluents and are not inhibitors or retarders of polymerization. To 
determine the relative influence of the three acids, experiments were carried 
out with samples of dehydro-, dihydro-, and tetrahydroabietic acids. Pure 
samples of these three acids were obtained from Dr. D. A. Shepherd of the 
University of Illinois and were used in polymerizations with the GR-S rec¬ 
ipe. The results of these investigations are given in Table IV. For com¬ 
parison the rates of conversion obtained with the control fatty acid soap 
(SF flakes) and the 731 rosin are included in the table. 

TABLE IV 

Polymerizations with Dehydro-, Dihydro-, and Tetrahydroabietic 
Acids in the GR-S Recipe at 50 ®C. 


Polymerization time in hours 

Emulsifier 3 6 9 12 14 

Conversions in per cent 


Tetrahydroabietate 

15 

35 

55 

73 

83 

Dehydroabietate 

12 

31 

49 

66 

78 

Dihydroabietate 

10 

20 

32 

47 

58 

Rosin 731 

9 

20 

34 

53 

65 

Soap (control) 

18 

38 

58 

78 

85 


Of the pure products the dihydroabietate gives rise to slower polymeri¬ 
zation in all stages of conversion than the other samples. The dihydro¬ 
abietate gives the same rate of conversion as the 731 rosin for the first 9 
hours’ polymerization. However, at higher conversions the rate becomes 
slightly greater with the 731 rosin than with the dihydroabietate. The 
tetrahydroabietate gives the highest rate of conversion of the three pure 
components, reaching a value of 83% in 14 hours. During the first few 
hours of polymerization the rate obtained with this sample is slightly less 
than obtain^ with the control. From then on the rate becomes equal to 
that found with the. GR-S recipe using fatty acid soap. 

The results presented here indicate that the rate of the GR-S polymeriza¬ 
tion varies considerably with different kinds of emulsifiers. This varia¬ 
tion of the rate is especially marked during the initial stages of the reac- 



206 


CARR. KOLTHOFF, MEEHAN, AND WILLIAMS 


tion. The way in which these data can be correlated with the present 
ideas concerning the polymerization mechanism will be presented in a sub¬ 
sequent paper, when also the effect of concentration of emulsifier will be 
discussed. 
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R6sum6 

Les savoiiH d'acides gras, contenant 16 on 18 atomes de carbone produisent la inOme 
vitesse de conversion dans la preparation du GR-S, oOi ils sont utilises comme emulsifi- 
ants. En presence de myristate, laurate et caprate, la vitesse initiale de conversion de- 
vient progressivement plus faible. Apr^s environ 20% de conversion, la vitesse ulter- 
ieure se rapproche de cele en presence de savoiis en Cie et Cis* Les rendements sont 
indique$ en presence de difierents emulsiiiants cornmerciaux, savons de colophane dis- 
proportionnes, cornposants purs de savons colophaniques y cornpris le tetrahydroabietate 
sodique, le dehydroabietate sodique et le dibydroabietate sodique. 

Zusammenfassung 

Fettsaiireseilen mit 16 oder 18 Kolilenstoffatomen bewirken die gleiche Uinsatzgesch- 
windgkeit, wenn sie als Emulsioiismittel in der GR-S Vorschrift benutzt werden. Mit 
Myristat, Laurat, und Kaprat werden die anfanglichen llrnsatzgeschwindigkeiten pro- 
gressif geringer. Nach einem Umsatz von ungeftihr 20% nahert sich die weitere Gesch- 
windikeit derjenigen mit Ci® und Cu Seifen. Umsatzdaten sind gegeben unter Benut- 
zung von verschiedenen Handelseruulsionsmitteln, disproportionierten Harzseifen und 
reinen Komponenten von Harzseifen einschliesslich Natriumtetrahydroabietat, Na- 
triurndehydroabietat und Natriumdihydroabietat. 

Received March 28, 1949 
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Polymerization of Styrene* 

SIMON H. HERZFELD, ADELLE ROGINSKY, M. L. CORRIN, and 
WILLIAM D. HARKINS, Department of Chemistry, University of Chicago, 

Chicago, Illinois 


INTRODUCTION 

Ac^oording to the theory of the mechanism of emulsion polymerization 
developed by Harkins^ almost all the polymer is produced by reaction in 
the polymer particles. These, in turn, are initiated principally in the soap 
micelles present during the early stage of the polymerization process. It 
thus follows that, if this theory is correct, monomer must be present in the 
polymer particles. It is the purpose of this investigation to determine the 
amount of monomer associated with the polymer in the monomer-polymer 
or latex particle; this amount will bc' reported in terms of the monomer- 
polymer ratio M/P. 

What is desired is the monomer-polymer ratio for the dynamic poly¬ 
merization system. This is not an equilibrium value but a ratio deter¬ 
mined by the relative rates of diffusion of monomer into the particle and of 
polymerization witliin the particle. This dynamic ratio cannot be deter¬ 
mined directly; the values reported in this papt?r represent values found 
for systems in which an attempt has been made to so lower the rates of dif¬ 
fusion and polymerization that the dynamic values of the monomer-poly¬ 
mer ratio are but slightly altered before analysis. This attempt was prob¬ 
ably successful with respect to the rate of polymerization; whether the 
diffusion rate was sufficiently reduced is uncertain. The monomer-poly¬ 
mer ratios reported in this paper are thus approximations to those occurring 
in the dynamic system. 

Two different experimental methods were employed. 

(a) Gravimetric Method. The total weight of the lower aqueous portion 
of the reaction system obtained by centrifuging the chilled reaction mixture 
was calculated on the basis of yield determination on both the aqueous 
portion and the whole mixture. The weight of monomer in the aqueous 
portion was then calculated by difference. Since this method involves a 
difference calculation it becomes increasingly inaccurate at low monomer 
conversions. 

* This investigation was carried out under the sponsorship of the Reconstruction 
Finance Corporation, OfiOce of Rubber Reserve, in connection with the Government’s 
synthetic rubber program. 
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(b) Speclrophotometric Method.^ The concentration and hence weight 
of monomer in the aqueous portion is determined spectrophotomCtrically 
in a benzene extract; the weight of polymer in this extract is also deter¬ 
mined and the ratio calculated from these two experimental quantities. 
The accuracy of this method is essentially independent of the hydrocarbon 
conversion. 

At low hydrocarbon conversions a considerable amount of monomer is 
dissolved in the soap solution. If the monomer-polymer ratio, as deter¬ 
mined experimentally, is designated as M^/P then at low conversions, 
M'/P is greater than M/P, in which the unprimed M represents the 
monomer in the latex particles. At yields in excess of approximately 5%, 
the soap concentration is reduced to a point at which the solubilization of 
monomer is relatively small; hence at such yields M'/P and M/P are es¬ 
sentially equal. 

EXPERIMENTAL 
Polymerization Technic 

All polymerizations were conducted on systems made up by the Mutual 
recipe but containing 100 parts of styrene and no butadiene. The con¬ 
centration of soap, potassium laurate, was varied; the effect of this varia¬ 
tion is discussed below. The reaction was carried out in a three-neck flask 
fitted with a mercury-sealed stirrer, inlet tube, and exit tube and main¬ 
tained at constant temperature in a water bath. After the reaction mix¬ 
ture was placed in the flask the system was cooled to 0®C. and swept out 
with nitrogen. Samples were withdrawn as desired by applying nitrogen 
pressure to the inlet tube. 

Gravimetric Method 

The samples withdrawn were placed immediately in an ice bath and a 
small quantity of solid hydroquinone added. After ten minutes this 
sample was mixed thoroughly and the polymer in a weighed portion was 
precipitated by a large excess of methanol, washed and dried in vacuo- 
The total weight of polymer, P, and the per cent conversion were calculated 
from these data. Another portion of the sample was centrifuged for three 
minutes at 5000 g, and part of the lower aqueous portion removed by means 
of a needle hole in the plastic centrifuge tube. This process was carried 
out within ten minutes after withdrawal of the sample. The polymer in a 
weighed quantity of this aqueous portion was determined by the same 
means as described above. The weight of the aqueous portion was then 
calculatied from the total weight of polymer, P, and the weight of polymer 
per unit weight of the aqueous portion. This weight of the dqueous por¬ 
tion, Wa, was plotted as a function of the yield (Fig. 1) and the values of 
the monomer-polymer ratio were calculated from smoothed values by Wa 
by meaps of the ^uation: 

M/P = {Wa - Wr)/P 

where Wr is the weight of all constituents in the aqueous phase (soap, water. 



EMIJLSION POLYMERIZATION OF STYRENE 


209 


TABLE I 

Monomer-Polymer Ratios at 35®C. for 5% of Soap Based on Mono¬ 
mer, Spectrophotometric Method 


Expt. 

No. 

Reaction 

time, 

houra 

Per cent 
yield 

Monomer- 

polymer 

ratio 

3 

0.2 

0.55 

3.96 

2 

0.33 

1.16 

3.19 

1 

0.5 

1.41 

3.09 

2 

0.67 

3.74 

2.66 

3 

0.6 

4.00 

2.48 

1 

1.0 

6.25 

2.59 

2 

1.0 

6.68 

2.57 

3 

1.0 

8.23 

2.49 

2 

1.25 

8 65 

2.51 

2 

1.5 

11.95 

2.51 

3 

1.5 

13.95 

2.40 

2 

1.75 

14.94 

2.41 

2 

2.0 

17.52 

2.38 

2 

2 25 

20.22 

2.28 

3 

2 0 

21.00 

2.32 

2 

2.5 

22.15 

2.21 

2 

2.75 

22.86 

2.21 

1 

2.5 

23.44 

2.06 

1 

3.0 

29.21 

1.88 

3 

2.5 

29.60 

1.86 

1 

3.5 

34.18 

1.62 

1 

4.0 

39.07 

1.38 

1 

4.5 

40.52 

1.36 

1 

5.0 

40.97 

1.30 

3 

3.5 

45.48 

1.05 

3 

4.5 

59.11 

0.59 

3 

6.0 

74.66 

0.26 

3 

7.5 

82.16 

0.16 



Fig. 1. Weight of aqueous portion 
as function of yield for emulsion 
polymerisation of styrene at 40.7 
as determined by gravimetric 
methiMl. 



Fig. 2. Monomer-polymer ratio in 
emulsion polymerization of styrene at 
S5^C. as determined by spectrophoto¬ 
metric method. 
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etc.) with the exception of monomer. This method is based upon the ex¬ 
perimental fact that essentially all the polymer produced in emulsion poly¬ 
merization of styrene is found in the aqueous portion. 


Speclropholometric Method 

Since hydroquinone interferes with the spectrophotometric determination 
of styrene, no hydroquinone was added to the samples withdrawn for 
analysis by this method. The samples were, however, swirled vigorously 
in air, since oxygen acts as a shortstop.* The per cent yield was determined 
by the technic described previously and the same centrifuging process was 
employed. Part of the aqueous portion was acidified with dilute sulfuric 
acid and extracted twice with benzene. The benzene extracts were com¬ 
bined, solutions made up in benzene-ethanol (85 parts by volume of ben¬ 
zene to 15 parts of ethanol) and analyzed for styrene in a Beckman spectro¬ 
photometer. Beer’s law was shown to be valid for such systems at 2825 
A. in the concentration range used in these measurements; the extinction 
coefficient expressed in grams of styrene per kilogram of solution is 7.26 db 
0.02 cm."^ (g*/kg.)~^ It has been shown by Meehm and Kolthoff^ that 
substances other than styrene normally present in synthetic latices do not 
interfere with this determination. The polymer content of the benzene 
extract was determined after the addition of hydroquinone. Most of the 
solvent was removed at room temperature under reduced pressure and the 
polymer precipitated with methanol, washed, and dried. The monomer- 
polymer ratio was calculated from the two analyses. 

RESULTS AND DISCUSSION 


Values of the monomer-polymer ratio measured at 35 ®C. by the spectro¬ 
photometric method are tabulated in Tables I-III and plotted against 
the yield in Figure 2. The curve ifi Figure 2 is obtained from the smooth 



Fig. 3. Weight of aqueous |»ortion 
as function of yield for emulsion poly¬ 
merization of styrene at 35 "C., as de¬ 
termined by spectrophotometric 
method. 



Fig. 4. Monomer-'polymer ratio in 
emulsion polymerization of styrene at 
40.7 as determined by gravimetric 
method. 
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curve of the weight of the aqueous portion of the system versus the yield. 
The variation of the aqueous portion with yield is shown in Figure 3; 

TABLE II 

Monomer-Polymeh Ratios at 35°C. for 2.5% Soap Based on Mono¬ 
mer, Spectrophotombtric Method 


Expt. 

No. 

Reaction 

time, 

hours 

Per cent' 
yield 

Monomer^ 

polymer 

ratio 

2 

0.33 

0.47 

3.28 

1 

0.5 

1.66 

2.67 

2 

0.68 

1 69 

2.69 

2 

0.84 

2.64 

2.62 

1 

1.0 

4.55 

2.62 

2 

1.08 

4 59 

2.65 

2 

1.33 

5.80 

2.44 

2 

1.68 

7.54 

2.35 

1 

1.5 

7.69 

2.23 

2 

1.84 

9.06 

2.14 

2 

2.08 

9.38 

2.06 

2 

2.33 

10.55 

2.13 

1 

2.0 

11.39 

1.92 

2 

2.68 

11.52 

2.09 

1 

2 5 

15.32 

1.80 

1 

3.0 

18.94 

1.79 

1 

3.5 

22.37 

1.70 

1 

4.0 

25.40 

1.67 

1 

4.5 

26.98 

1.62 

1 

5.0 

28.67 

1.65 


TABLE III 

Monomer-Polymer Ratios at 35°C. for 10% Based on Monomer, 
Spectrophotombtric Method 


Elxpi. 

No. 

Reaction 

time, 

hours 

Per cent 
yield 

Monomer-* 

polymer 

ratio 

2 

0.25 

1.47 

3.34 

1 

0.5 

2.98 

3.08 

2 

0.67 

6.17 

2.77 

1 

0.84 

8.39 

2.75 

2 

1.0 

11.20 

2.62 

1 

1.16 

13.84 

2.54 

2 

1.25 

15.31 

2.56 

2 

1.5 

19.72 

2.39 

2 

1 75 

24.73 

2.16 

1 

1.67 

26.05 

2.18 

2 

2.0 

29.38 

1.88 

2 

2.25 

33.62 

1.65 

1 

2.16 

37.53 

1.37 

2 . 

2.5 

37.67 

1.41 

2 

2.75 

40.16 

1.26 

1 

2.67 

44.69 

1.17 

1 

3.16 

51.53 

0.92 

1 

3.67 

59.38 

0.74 

1 

4.33 

65.73 

0.62 

1 

5.0 

66.41 

0.61 
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TABLE IV 

Monomer-Polymer Ratios at 40.7‘’C. for 2.5% Soap Based on MonO' 
MER, Gravimetric Method 


Kxpt. 

No. 

Per cent 
yield 

Weight of 
aq. 

portion 

Monomer- 

polymer 

ratio® 

_ 

10.0 

214.O*^ 

2.07 

2 

10.2 

214.8 

— 

1 

10.7 

215.1 

— 

— 

12.5 

220.2» 

1.95 

2 

13.6 

223.4 

— 

— 

15.0 

260.4 

1.88 

2 

17 5 

232.0 

— 

— 

17.5 

232.6» 

1.82 

1 

18.6 

236.2 

—• 

— 

20.0 

238.7«» 

1.78 

2 

21.7 

242.5 

— 

— 

22.5 

244.8«» 

1.69 

1 

22.9 

244.9 

— 

— 

25.0 

250.6^ 

1.69 

2 

26.5 

253 6 


1 

27 4 

254.7 

— 

— 

30.0 

261.7^ 

1.60 

1 

31 8 

264 5 

— 

2 

32.6 

266 8 

— 

— 

35.0 

272.0^ 

1.53 

1 

35.9 

273.5 

— 

2 

37.1 

276.7 

— 

1 

39.4 

279.3 

— 

2 

39 8 

280.9 

__ 

— 

40.0 

281.3* 

1.45 


® Calculated from smoothed curve of weight of aqueous portion versus yield. 

^ Read from smoothed curve of weight of aqueous portion versus yield. 

TABLE V 

Monomer-Polymer Ratios at 40.7°C. for 5% Soap Based on Mono¬ 
mer, Gravimetric Method 


Kxpt. 

No. 

Per cent, 
yield 

Wt. of 
aq. 

portion 

Monomer- 

polymer 

ratio" 

1 

7.1 

226 6 

— 

— 

10.0 

232.0* 

3.62 

— 

12 5 

237.2* 

3.11 

1 

13.2 

240.1 

— 

— 

15 0 

242.2* 

2.77 

— 

17.5 

245 2* 

2.52 

— 

20.0 

251 6* 

2.29 

1 

20.2 

252 0 

— 

1 

23.4 

258.8 


— 

25.0 

260 5* 

1.98 

1 

27.0 

262 5 

— 

1 

29.6 

269.0 


— 

30.0 

269.1* 

1.78 

1 

33.6 

273.0 

— 

1 

34.1 

277.7 


— 

35.0 

278.5* 

1.61 


« Calculated from smoothed curve of weight of aqueous portion versus yield. 
* Read from smoothed curve of weight of aqueous portion versus yield. 
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diflferent symbols are employed for different experiments. No distinction 
is made in Figure 2 between different experiments at the same soap concen¬ 
tration. Monomer-polymer ratios measured at 40.7 ®C. by the gravi¬ 
metric method are tabulated in Tables IV-VI and plotted against the 
yield in Figure 4. 


TABLE VI 

Monomer-Polymer Ratios at 40.7®C. for 10% Soap Based on Mono¬ 
mer, Gravimetric Method 


Expt. 

iNO. 

J*er cent 
yield 

Wt. of 
aq. 

portion 

Monomer- 

polymer 

ratio® 

1 

10 6 

229 2 


— 

12.5 

236.S'* 

2.84 

2 

13.4 

238.7 

— 

— 

15.0 

244 6^ 

2.74 

1 

16.1 

247 1 


— 

17.5 

252.0^ 

2.63 

— 

20.0 

258 8^ 

2.51 

1 

21.0 

262.0 

— 

2 

21.2 

262.5 

— 

— 

22.5 

264.9^ 

2.40 

— 

25.0 

270.5* 

2.27 

1 

25 6 

273.0 


3 

26.2 

271.6 

— 

— 

27.5 

275.8* 

2.18 

2 

27.8 

276.5 


— 

30.0 

281 0 

2 08 

1 

30.8 

281.0 

— 

3 

31.1 

284 1 

— 


32.5 

285.8* 

1 99 

2 

34.2 

288.3 

— 


35 0 

288.3* 

1.86 

1 

35.2 

289 0 

— 

3 

37.4 

288.3 

— 

— 

37.5 

288.3 

1.65 

2 

3d 6 

289.1 

— 

1 

39.3 

288 9 

_ 

— 

40.0 

288.3 

— 


" Calculated from srnouthed curve of weight of aqueous portion versus yield. 
^ Read from smoothed curve of weight of aqueous portion versus yield. 


The ratio between the amount of monomer and of polymer in the mono¬ 
mer-polymer or latex particle is equivalent to that measured in this paper 
only if the monomer in the aqueous portion is present almost entirely in 
the latex particle. This is true only if the micellar concentration of soap 
is relatively small. Values of the monomer-polymer ratio obtained at 
yields below approximately 5% measure solubilization of monomer in soap 
as well as solution in the latex particle and will not be considered further. 

From the point of view of the Harkins theory the most significant feature 
of this work is that the latex particles undoubtedly contain a large amount 
of dissolved monomer. A second significant result is that the amount of 
monomer associated with the polymer in the latex particle, as expressed 
in terms of the monomer-polymer ratio, is not constant in the presence of 
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a separate monomer phase. Whether the monomer-polymer ratios re¬ 
ported in this paper are a true measure of the dynamic values in the reacting 
system is a matter of conjecture; this uncertainty arises from a ladk of 
knowledge concerning diffusion of the monomer into the latex particle 
after withdrawal of the sample and before removing the free monomer 
phase. If the monomer-polymer ratios reported represent true dynamic 
values they must be interpreted in terms of the rates of diffusion of the 
monomer into the latex particle and of polymerization within the particle. 
If the values reported are close to equilibrium values of the solubility of the 
monomer in the polymer, the solubility must vary with the yield. 

Since the fugacity of the monomer must be constant in the presence of 
the free monomer phase this would indicate a pronounced change in the 
nature of the polymer with yield. The possibility that the monomer- 
polymer ratios reported in this paper may represent near-equilibrium values 
may be indicated by the fact that in different experiments at the same soap 
concentration and with varying reaction rates the measured monomer- 
polymer ratios fell upon the same curve. With 5 and 10% soap solutions 
at 35°C. at yields in excess of 25%, monomer-polymer ratios as determined 
by the spectrophotometric method, are essentially equal. This, however, 
is not the case for tlie ratios measured at 40.7 °C. by the gravimetric method. 

Values of the monomer-polymer ratio obtained by the spectrophoto¬ 
metric method at 35 °C. and the gravimetric method at 40.7®C. are in 
agreement for soap concentrations of 5%. The values obtained by the 
gravimetric method at the higher temperature for 5% and 10% soap are 
somewhat higher than those determined for the same soap concentration 
by the spectrophotometric method at 35 ®C. 

TABLE VII 

Monomer-Polymer Ratios at 35®C. for 10% Soap Based on Monomer 
WITH Intermittent Retardation, Spectrophotometric Method 


Reaction 
time, houro 

Per c»nt 
yield 

• Monomer- 
polymer 
ratio 

0.33 

0.07 

37.98 

0.53 

1.23 

3.54 

0.73 

2.75 

3.09 

0.93 

4.82 

2.87 

1.13 

5.82 

2.81 

1.35 

8.07 

2.79 

1.57 

9.56 

2.79 

1.78 

10.44 

2.81 

2.00 

12.00 

2.78 


It should be pointed out that in order to maintain a constant monomer- 
polymer ratio with increasing yield, the rate of diffusion of the monomer 
into the polymer particle must be large as compared to the rate of poly¬ 
merization within the particle. 



EMUI^ION POLYMERIZATION OF STYRENE 


21 $ 


The values listed in Table VII represent monomer-polymer ratios for a 
system containing 10% soap and in which a small quantity of oxygen was 
admitted after each sample was withdrawn. The reaction rate was con¬ 
siderably slower than in the absence of oxygen. Insufficient data are at 
hand at the present time to warrant any conclusions as to the effect of reac¬ 
tion rate on the varition of the monomer-polymer ratio with yield. 
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R^um£ 

Les valeurs du rapport monorn^re-polym^re sont donn6es dans le cas de la polymerisa¬ 
tion en Emulsion du styrene 35® et 40.7 ®C, et k diff^rentes concentrations de savon. 
Deux mdthodes exp6ritnenta]es onl 4t6 utilis6es, les techniques exp6rinientales sont d6- 
crites en details. Les rapports inonom^re-polyin^re indiqu^s ne sont probablement pas 
les valeurs k r^qiiilibre, mais constituent un essai d’obtenir les valeurs dynamiques de ce 
rapport, ainsi qu’il se pr6sente au cours de la polymerisation. II n*est toutefois pas cer¬ 
tain que ces valeurs, telles qiie rapportees, soient en accord raisonnable avec les valeurs 
dynamiques. Conformeraent k la theorie de la polymerisation en emulsion, presentee 
par Harkins, ime quantite tr^s appreciable de monomere est dissoute dans les particules 
rnonornere-polymere. lin outre, le rapport monomere-polymere decroit avec un rende- 
ment croissant. I^s resultats presentes ne permettent pas d’etablir une correlation 
entre la variation du rapjiort monomere-polymere d’une part, et le rendement et la 
cx)ncentration en savon, d’autre part. 

Zusammenfassung 

Werte des Mouomer-Polyinerisat-Verhaltnisses in der Emulsionspolymerisation von 
Styrol bei 35® und 40.7 ®C. wurden fiir verschiedene Seifenkonzentrationen ermittelt. 
Zwei Versuchsmethoden wurden angewandt und warden beschrieben. Die angegebenen 
Verhaltnisse von Monomer und Polyrnerisat sind wahrscheinlich nicht Gleichgewichts- 
werte, sondern stellcn einen Versuch dar, dynamiscbe Werte, wie sie wahren der Poly¬ 
merisation vorkommen, festzustellen. Ob die angegebenen Werte eine gute Annaherung 
an die dynamischen Werte darstellen, ist fraglicb. In Ubereinstimmung mit der Emul¬ 
sions polymerisations-Theorie, wie von Harkins dargestellt, wurde gefunden, dass eine 
grosse Menge des Monomers in den Monomer-Polymerisat-Teilchen geliist ist. Ea 
wird auch gezeigt, dass das Monomer-Polymerisat -Verhaltnis mit steigender Ausbeute 
abnimmt. Die angegebenen Daten geniigen nicht, zu einer Korrelation zwischen den 
Scliwenkungen des Monomer-Polymerisat-Verhaltnisses, der Ausbeute und der Seifen- 
konzentration. 

Received March 31, 1949 
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General Theory of Mechanism of Emulsion 
Polymerization. II"' 

WILLIAM D. HARKINS, George Herbert Jones Chemical Laborabry, 
University of Chicago^ Chicago, Illinois 


I. INTRODUCTION: OUTLINE OF THE THEORY 

The most fundamental relations of the theory of the mechanism of emul¬ 
sion polymerization as presented in 1942-3^ are as follows: 

(a) Tn emulsion polymerization, with relatively insoluble monomers, 
nearly all of the polymer particle nu(‘lei are initiated in the monomer 
solubilized in the interior of soap micelles. 

{b) However, the micelles produce only an insignificant fraction of the 
polymer, which grows almost entirely in the polymer particles thus ini¬ 
tiated. This occurs by polymerization of the monomer present in the 
swollen polymer particles. This monomer is supplied by diffusion from 
the monomer emulsion droplets through the aqueous phase and into the 
polymer particles, thus forming monomer-polymer partic’les. Monomer 
molecules are also captured by soap micelles as long as these are present 
and not saturated with monomer. 

(c) A free radical nie(4ianisni was assumed. 

A general outline of the theory- indicates in addition: 

(d) Very little polymer forms in the monomer emulsion droplets, \\hose 
function is to act as a highly distributed reservoir of monomer. 

(e) Extremely little polymer is produced in the aqueous phase. Later 
work gave an explanation of this fact. With relatively insoluble monomers, 
such as styrene, isoprene, or butadiene, free radicals are readily formed in 
the aqueous phase by the action of the catalyst on dissolved molecules of 
the monomer, or of a modifier (such as dodecyl mercaptan) if this is present. 
However, free radicals thus produc^ed collide with other single molecules 
of this type much less frequently than wdth micelles when much soap is 
present. 

Wlien miccUes are absent the relatively small number of collisions be¬ 
tween a free radical and individual molecules of monomer in the aqueous 
phase produces only a very small number of polymer molecules. However, 
it is these few polymer molecules that capture monomer molecules diffusing 
through this phase, thus forming polymer particle nuclei. After a polymer 

* This investigation was carried out under the sponsorship of the Reconstruction 
Finance Corporation, Office of Rubber Reserve, in connection with the Gk>verament*s 
synthetic rublier program. 
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particle is once formed in the aqueous phase it exhibits no essential dif¬ 
ference in behavior from a particle initiated in a soap micelle. 

Thus the slow rate of polymerization in soap-free water as compared 
with that in micellar solutions is explained as due to the much smaller 
number of polymer-monomer particles present at any time in the soap-free 
system. 

Even when soap is present the initial rate of polymerization is low in the 
absence of micelles. 

II. PROPERTIES OF SOAP SOLUTIONS AS RELATED TO 
EMULSION POLYMERIZATION 

There are two properties of soap solutions which are of fundamental 
importance in the mechanism of emulsion polymerization. Both of these 
are due to the fact that a long hydrocarbon chain, when immersed in water, 
possesses a very much higher free energy of the interfacial type than when 
it is surrounded by other hydrocarbon chains. This gives rise to two 
phenomena: 

(а) The hydrocarbon chains of soap (also of acid, alcohol, amine, etc.) 
align themselves to form an adsorbed monolayer of ions (or molecules) at 
each interface between water and oil. The interfaces involved are those 
(f) between water and monomer emulsion droplets, of the order of 10,000 
A. in diameter, and (2) between water and monomer-polymer or latex par¬ 
ticles, commonly less than 1000 A. in diameter. 

(б) Above a certain soap concentration known as the critical micelle 
concentration (cmc), the hydrocarbon chains, each with an ionic end, re¬ 
move themselves from the water to form a small aggregate, usually of 
about 20 to 200 ions which form a double monolayer with the ionic ends 
oriented toward the water and the hydrocarbon chains inward. The thick¬ 
ness of this double ionic layer, which is designated as a micelle, is, in a solu¬ 
tion of pure soap, very nearly twice the length of the soap molecule. By 
a process known as solubilization, monomer hydrocarbons are dissolved in 
the middle of the micelles, and, as shown by x-ray measurements, increase 
the thickness of the micelle. Long paraffin chain primary alcohol mole¬ 
cules align themselves between the soap molecules, with their polar groups 
toward the water. This is designated as solubility by film penetration. 

Whenever a free radical grows in any individual micelle it continues to 
grow in the aqueous phase and thus forms a polymer particle. This ab¬ 
sorbs monomer and becomes a monomer-polymer or latex particle. 

Initially almost all of a relatively insoluble monomer is present in the 
emulsion as droplets which exhibit a distribution of sizes similar to that 
of hydrocarbon or other oils emulsified by soap, with a peak in the number 
distribution curve at about 1 M (10,000 A.).*'^ 

As shown later, both soap micelles and polymer particles inside the aque¬ 
ous phase act as traps to capture monomer (and modifier) molecules in their 
diffusion through the solution and thus affect the rate of their diffusion. 
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Size of the Micelle 

A new x-ray band discovered in this laboratory® is found to be related 
to the diameter of the micelle. When the Bragg spacings were calculated 
from this band, the values were found to be close to double the length of the 
soap molecule, which would correspond to a micelle two molecules in di¬ 
ameter. This band is designated as the micelle diameter or M-band. 

It has been found by Corrin that if the maxima and minima of the M- 
band are determined in an entirely specific correct way, then the diameter 
of the micelle is given by multiplying the Bragg spacing for the maximum 
by 1.23 and that for the minimum by 1.71. 

It is found that the radius of the micelle obtained in this way is 21.2 for 
potassium dodecanoate, 24.2 A. for the tetradecanoate. Also: (a) Inde¬ 
pendent of soap concentration in general to less than 0.3 A. (6) Increases 
with increasing number of carbon atoms when n-hydrocarbon chains are 
involved and is not very different from the length of the soap molecule. 

Many tracings have been recorded from which a considerable number of 
micelle diameters may be calculated for pure soaps, and also when either 
nonpolar or polar-nonpolar solubilizatioTi is involved. 

As examples of the values obtained the micelle of potassium dodecanoate 
is found to contain 61 molecules and of the tetradecanoate, 81 molecules. 

With potassium tetradecanoate, ethylbenzene increases the number of 
soap molecules from 81 to about 124 and about 97 molecules of ethylben¬ 
zene are present at saturation. 

It is outside the scope of this paper to review all of the work on the size 
of the micelle. By diffusion Hartley and Runnicles® obtained a value of 
70 molecules of cetyl pyridinium chloride per micelle. Presumably this 
value is somewhat too large, since a salt was present. Debye and Anacker^ 
by light scattering found that at its critical micelle concentration (cmc), do- 
decyl amine hydrocliloride forms micelles, each of wliich contains 68 mole¬ 
cules. 

Since increase of length of the hydrocarbon chain makes the decrease of 
free energy in the transfer of the hydrocarbon chain from the water to the 
micelle larger by about 1300 cal. per mole per CH 2 group, and since the 
repulsive energy of the ions is kept almost the same, the micelle must 
grow larger. Debye, Anacker, and Hagen® find the following values for 
the number (N) of molecules per micelle for the n-alkyl trimethyl am¬ 
monium bromides in water (Table I). 

TABLE I 

Number of Molecules per Micelle for u-Alkyl Trimethyl Am¬ 
monium Bromides 


Number 

G atoms 

N 

omc» M 

Cio 

36 

0.0700 

Cu 

50 

0.0151 

Cl4 

75 

0.00341 
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Nxjmber of Soap Molecules per Micelle in 0.0130 KBr 


CiO 

38 

0.0672 

Cl2 

56 

0.0105 

Cl4 

95 

0.00176 

Cl6 

170 



The most important aspect of the size of the micelle in emulsion poly¬ 
merization is that of the number of monomer molecules present in a micelle. 
Some values are given in connection with the discussion concerning solu¬ 
bilization which follows. 


Shape of the Micelle 

Recently, as a basis for calculating the number of molecules in a micelle. 
Hartley’s spherical model of the micelle has been adopted. This model 
seems to predict an extremely low density for the micelle. 

Solubilization 

In the polymerization of monomers which are hydrocarbons (e. g., buta¬ 
diene, styrene, isoprene) a most important property of the micelle is that 




Fig. la. Solubility of oils, including st>rene, in solutions of potassium dode- 
c^noate (broken lines) and tetradecancmte (continuous lines). In b, potas« 
siiim dodecanoate was used. 


not too large hydrot'arboii mole(*ules are dissolved inside the micelle be¬ 
tween the ends of the hydrocarbon chains of the soap. This is known as 
solubilization. vSince iJiese molecules diffuse in and out of the micelle they 
do not remain altogether apart from the water. Nevertheless they keep 
mostly away from the polar-ionic edge of the micelle to avoid the higher 
free energy which this involves. A paper from this laboratory*^ exhibits 
the relations of solubilization most important for emulsion polymerization 
and gives references to other work. 
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The increment in solubility per unit increase in the amount of soap, in¬ 
creases with soap concentration (Figs, la and lb). It is found that the 
solubilization of a hydrocarbon increases the diameter of the micelle. In 
0.4 molar potassium dodecanoate the diameter of the micelle was found to 
be 43.3 A. and when made 0.167 molar with respect to ethylbenzene, this 
became 55.5 or an increase (AcIm) of 12.2 A. The micelle of the pure soap 
contained 61 molecules which increased to 93 molecules plus 37 of ethyl¬ 
benzene when the solution was made 0.167 molar with respect to ethyl¬ 
benzene. The importance of such relations to emulsion polymerization is 
pointed out later in connection with the function of the micelle in this 
connection. 



Fig. 2. The solubility of the alcohol by film penetration is 
much greater than that of the corresponding hydrocarbon, 
and the curvatures are different. 


The diameter of the micelle as given by the M-baud remains the same 
or becornt's smaller when alcohols are solubilized. Long-chain alcohol 
molecules lake positions between the soap ions with their polar groups to¬ 
ward the water, /.p., their position and orientation are essentially the same 
as tliat of soap ions. The solubility relations are different and exhibit 
more complicated relations than are found in the ordinary solubilization of 
hydrocarbons which occurs in the hydrcwarbon center of the micelle. On 
account of the great differences revealed by x-rays, mixed micelles of soap 
and alcohol (or other amphipathic molecules) are considered by the writer 
as a netv type of micelle. As an example, Figure 2 shows that the 7 C- 
atom alcohol is more than twice as soluble as the corresponding hydrocar¬ 
bon, and the curye is concave toward the soap concentration axis, whereas 
that for the hydrocarbon is convex. 
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Critical Micelle Concentration (cmc) 

Since in emulsion polymerization nearly all of the polymer particles ate 
initiated in the small number of monomer molecules dissolved in the micelle, 
it is evident that the existence or nonexistence of micelles and their number 
in a soap solution is of fundamental importance. 



Fig. 3. Effect of the concentration of sodium 
dodecyl sulfate on the optical density of 5 X 
molal neutral red; solutions agctd for 18 
hours. The sudden decrease in density be¬ 
tween 0.0063 M and 0.0061 M occurs at the 
cmc. 


What is known as the critical micelle concentration in aqueous solutions 
of potassium tetradecanoate is 0.0060 mole of the soap per 1000 g. of water. 
If a solution of a higher concentration is made 10 to 10^* molar with re¬ 
spect to pinacyanol chloride (or certain other dyes) and titrated with 
water containing the same concentration of dye, a change of color occurs at 
this concentration, and this is almost as sharp as methyl orange in its 
change in a dilute solution between an acid and a base. With other dyes 
there is both a change of color and of fluorescence in ultraviolet light. For 
example the optical density of 5 X 10molal neutral red in 1 X 10“"^ 
sodium dodecyl sulfate, exhibits a remarkable shift at the critical micelle 
concentration. The optical density (Fig. 3) is almost doubled by an in- 
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crease in the concentration of the soap from 0.0061 M to 0.0063 M. Not 
only these properties but almost all others change at this concentration. 
Now it would be extremely simple if below this concentration no micelles 
exist and above it they do exist. 

However, it is not this simple, and Bury^‘ has shown that the law of 
mass action governs the equilibrium between the unassociated long-chain 
ions and the aggregate. The equation as given by Corrin'® is: 

iyaCany.C.r~ ■ 

in which 7 ^, 7 ,, and 7o are the activity coefficients of the long-chain ion, 
the counter ion, and the aggregate, respectively; C represents concentra¬ 
tion; m the number of paraffin ions and n of counter ions entering one 
micelle; and K is the equilibri um constant. 

Nonapplicability of the Debye-Hiickel Theory 

Although the mass law is valid in the region of the cmc, the principle of 
ionic strength and the related Debye-Hiickel theory are inapplicable, »nce 
the ionic micelle repels the counter ion to such a distance as to obscure 



Fig. 4. Effects of salt on the cmc. The valence of the ion of the salt which has 
the same charge as the micelle is shown to have no effect. 


any difference in effect between several separate counter ions and the same 
number of changes on a single ion. The b^t experimental evidence for 
the failure of this principle is to be found in the work of Corrin and Har- 
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kins'* who found that the effect of ions of the oppositeeigii-ef charge from 
that of the micelle is independent of their charge when given in terms of the 
total equivalent concentration of the salt added (Fig. 4). 

Grindley and Bury considered that the rapid increase in micelle concen¬ 
tration at the cmc is due to the large exponent with which the ion activities 
enter into the mass law expression. This explains the sharpness of the 
cmc when 14 or more C atoms are present in the chain, and its much wider 
range as a band for short chain soaps, such as those with 5 or 6 C atoms. 

The critical micelle concentrations of the potassium soaps of n-long chain 
paraffin acids—found by Herzfeld, Corrin, and Harkins—are given in 
Table 11. The values were obtained by titration using the color change in 
very dilute solutions (ca, 10“^ molar) or pinacyanol chloride. 

TABLE II 

Critical Micelle Concentrations at 25 °C. of Soaps of the n-PARAF- 

FiN Acids 

(n = Number of C Atoms per Molecule) 


n 

cmc 

n 

oinc 

14 

0.006 

9 

0.200 

13 

0 013 

8 

0.401 

12 

0.024 

7 

0.780 

11 

0.049 

6 

1 49 

10 

0 097 




For soaps for n = 10 or below the cmc covers a considerable range; for example for 
n = 8, from ca. 0.15 to 0.4, as exhibited by the absorption spectrum. This range in¬ 
creases as n decreases. 


TABLE III 

Effect of Nature of Ionic Head Group on Critical Micelle Con¬ 
centration of Colloidal Electrolytes with Twelve Carbon Atoms 
IN THE Normal Hydrocarbon Chain at 25 °C. 


Soap 

CIIIC 

Sodium dodecyl sulfa 

0.0065 

Sodium dodecyl sulfonaU^ 

0.010 

Dodecyl ammonium chloride .. . 

0.013 

Dodecyl trirnelhyl ammonium bromide 

0 016 

Potassium dodecylate . 

0 024 


Each cmc is multiplied by 2 {Fig. 5) for a decrease by 1 in the number of 
carbon atoms in the chain. That the relation should be logarithmic was 
found by Stauff. 

Below the cmc the soap solutions contain almost no micelles when the 
hydrocarbon chain is long, and are therefore ineffective in solubilization or 
penetration, and thus in initiating polymer particles. 

In technical work soap mixtures are commonly used. If the cmc values 
of the separate soaps are not very different, then that for the mixture is 
not very different from the weighted mean value (Figs. 6a and 6b). How- 
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Fig. 5. Linear variation of the logarithm of the cmc with the num¬ 
ber ( 7 ) of carbon atoms in the soap molecule. 




Fig. 6 . Values of the cmc in mixtures of soaps. Short chain soaps act 
merely as salts, (a) Critical concsentrations in mixtures of anionic soaps, 
(h) The effect of salts and other soaps on the critical concentration of po¬ 
tassium laurate and sodium dodecyl sulfate. 


ever, if one soap has a much higher cmc than the others it acts as a salt to 
depress the cmc bf the mixture. These values are taken from the work 
of Tartar, of Ralston, and of Corrin and Harkins. 
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If a salt is added the effect of the charge of the ionic micelle is to attract 
more of the ions of opposite charge than corresponds to electrical neutrality, 
into the ionic atmosphere, thus giving a screening effect whidi reduces the 
repulsion between the ionic ends of the soap ions and the resulting work of 
approach. This both increases the size of the micelle and reduces the cmc. 




Fig. 7. Lowering of the cmc by alcohols, (a) The critical concen¬ 
tration in solutions of dodecylammonium chloride in solvent-water 
mixtures, (b) The critical concentration in solutions of decyltrimethyl- 
ammonium bromide in solvent-water mixtures. 

TABLE IV 


Effect of Primary 

Normal 

Alcohols on the 

Critical Micelle 

CoNCENTR.\TION 

OF Dodecyl Ammonium Chloride at 25 ®C. 

Number of 

G atoms 
in alcohol 

Slope 

Number of 

C atoms 
in alcohol 

Slope 

1. 

— 

6. 

0.23‘ 

2. 

-0.0012“ 

7. 

0.69‘ 

3. 

-0.0052“ 

10. 

... 22.0‘ 

4. 

0.19“ 

11. 

... 46.0‘ 


“ Determined Corrin. 

^ Determined Herzfeld. 


The lowering of the cmc is given by only the ions of opposite sign of charge 
from that of the micelle. If m is the tolal concentration of the gegenion 
than^for potassium dodecylate, log cmc = —0.56969m — 2.6172; and for 
decyl trimethyl ammonium chloride, log cmc = —0.34287m — 1.5761. 

lowering of the cmc by Alcohols. Since methanol is widely used in 
low tempCTature polymerization its effects are important. 

Alcohols lower the cmc and the lowering increases very raindly with the 
length of the hydrocarbon, as shown by Figures 7a and 7b and Table IV. 
With methanol and ethanol the decrease of cmc is followed by an increase 
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as the concentration increases. With heptanol the lowering is rapid: 
by about 50% when 1% is added. 

One of the principal effects of the alcohols is to decrease the repulsion 
of the charged heads of the soap ions by increasing by penetration the dis¬ 
tance between them. This lowers the cmc. 

Diffusion of Monomers into Micellar Solutions. A process of im¬ 
portance in emulsion polymerization is the transfer of monomer and modi¬ 
fier from the emulsion droplets through the aqueous phase into micelles 



sium dodecanoate at 40°C» 

and into polymer-monoiiier particles, which serve as loci of polymerization* 
A question arose as to the distance to which molecules of oil can diffuse 
without being captured by the intervening micelles. This was investigated 
by a method used by Vinograd, Fong, and Sawyer. “ 

They measured by the use of a microscope the diameters of small drops 
of oil “submerged in soap solutions” and found that their diameters “de¬ 
cline linearly with time mitil 99% of the drop passes into the aqueous 
phase.” 

Steams and Harkins^* found a different relation: the rate of decrease of 
the diameter of the oil drop increases with time (Fig. 8), i.e., as the drop 
grows smaller. The rate of decrease of diameter for a drop of ethyl benzene 
in 12.1% potassium dodecanoate solution at 40°C. was increased from 
—0.00260 mm. to —0.00430 mm. per minute by a decrease in the diameter 
from 1.4 mm. to 0.25 mm. The rate of diffusion is about twice as high as 
40° as at 25°C. 

In private communications to the writers, Professor P. Debye Ims de¬ 
veloped a theory for the diffusion of molecules from an oil drop into a soap 
solution. From the relations developed by him the more rapid decrease 
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of diameter for small than for large drops is to be expected. He introduces 
a quantity defined by the relation : 

A2 = D/2 

in which D is the diffusion constant for the oil (in the special case cited: 
ethyl benzene) and a is a constant such that an dt is the number of mole¬ 
cules of the oil that are caught per cubic centimeter during the time dl 
by the soap at a place where the concentration of the oil is n. The quan¬ 
tity A is then representative for the characteristic thickness of the dif¬ 
fusion layer. 



Fig. 9. Areas per soap molecule in adsorbed films on graphite. 


The calculated value of A found by the use of the linear variation of lli(‘ 
diameter d of the drop of ethylbenzene is ca. 50 A., while from a representa¬ 
tive curve, similar to that of Figure 8 except tJmt the (*oncentration of the 
potassium dodecanoat(‘ was 10.6%, I>eb>e calculated that A is about 0.06 
mm. or 6 X 10’ A. 

Obviously, sinc<‘ this value is dependent upon the (‘urvature it is only 
very approximate, but it is obvious that diffusion carries oil molecules, al¬ 
though they move \ery close to the micelles, past an extremely great 
number of them, 

TIjiis the capture of oil molecules by micelles is in this sense a slow process 
/.e., even when unsaturated the micelle takes up only a small fraction of the 
oil molecules which approach it. 

Area Occupied by Adsorbed Soap Molecules. Sin(‘e in a not Uk) 
dilute soap solution every monomer emulsion droplet and every monomer- 
polymer particle is surrounded by an adsorbed monolayer of soap, it is 
important to know the mean area occupied per soap molecule. In mono- 
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layers of /i4ong chain acids on water this mean area decreases to about 20 
A.^ at a high film pressure. However, in a soap film there is a repulsion 
between the ionic heads which should increase this area. 

The determination of the mean area per soap molecule for the emulsion 
is difficult, so graphite was chosen as having a nonpolar surface and deter¬ 
minations were made of the molecular area of the soap at the interface 
graphite soap solution. 

By nitrogen adsorption the surface area of the graphite was determined 
as 3.45 m^/g. By dividing this area by the number of molecules adsorbed, 
the area per niole(‘ule was obtained. This gave the valuC/S shown in Figure 
9. With sodium dodecyl sulfate the values decreased with increasing soap 
concentration until at the cmc, 0.006 m, the area per molecule became 68.3 
A.2, where a kink occurred in the m a, W if h incTcase in m the value of a 
(molecular area) fell to a minimum of 51.0 A.^ at about 0.01 m, and beyond 
that inc reased to 68 A.^ at 0.03 m. The curve for potassium tetradecanoate 
exhibits a similar shape but lower areas: 56 A.^ at the cmc, 36 A.^ at the 
minimum, and an increase to 42 A,^ at 3 m. 

The uppermost curve for adsorption on polystyrene exhibits the same 
shape of curve beyond the cmc, but the molecular areas are meaningless 
since the sample is slightly porous. 

In contrast, in solutions of sodium oleate, w hich has a much longer hydro¬ 
carbon (’hain, the molecular area at the cmc (0.0007-0.0012 m) is much 
lower (50 to 55 A.^), and exhibits almost the minimum value. The cmc is 
poorly defined, presumably due to imperfect adlincation of the molecules 
as a result of the presence of the double lK)nd iri the middle of the hydrocar¬ 
bon chain. 

Nevertheless the molecular area increases with concentration beyond 
the minimum, as in the case of the other soaps. If the work of Hartley 
and of Tartar**’^® is considered the increase of area beyond the minimum 
is not unexp(‘cted. However, that the lines which represent the area per 
molecule should be so highly curved as in the figure, is remarkable. 

The mohcular areas found for these soaps are larger than w^as expected, 
Imt \Yills(m and collaborators^*’ obtained values for the tetradecanoate and 
oleate wliich .agree with the large areas obtained here within the experi¬ 
mental error of either the two widely diverse methods employed. In their 
work no molecular areas, oth(‘r than that at the cmc, were obtained. The 
clos(' agreement is remarkable since they adsorbed the soap on a butadiene: 
styrene (60:40) polymer, whereas as stated earlier, graphite was used in 
the work here. Also they determined the ar(*as of the polymer by use'of 
the electron microscope. Their values are valid at the cmc only. For 
potassium myristate the (ioodrich value is 59 A,\ the University of Chicago 
V able 55 A.^ for sodium oleate the values are 18.5 A. and about 50 to 55 A.^, 

The value of th(‘ area is of importam'e: 

(a) Since it determines tlie rate of disappearance of soap from the aque¬ 
ous phase as the yield of polymer increases, and the amount of soap present 
determines the rate at which polymer latex particles are initiated. 
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(6) Soap titrations are employed widely as a means of calculating the 
interfacial area (sum for monomer-polymer particles and emulsion drop¬ 
lets) and from this, the mean size of the polymer-monomer particles. The 
values of the areas commonly used are undoubtedly too small, and this 
has introduced a large error in the values which have been obtained by 
this method. 

III. INITIATION OF GROWTH OF POLYMER PARTICLE IN 
SOLUBILIZED MONOMER OF THE MICELLE 

The theory of emulsion polymerization, as it was developed initially, indi- 
( ated that in the emulsion polymerization of a relatively insoluble mono¬ 
mer (styrene, isoprene, butadiene) almost every polymer latex particle 
is initiated in its growth in the monomer solubilized inside the micelle. 

To show what occurs several experiments of the type of the one cited 
here were carried out. A solution 0.39 molar with respect to potassium do- 
decanoate and 0.39 molar for tlie tetradecanoate was prepared. This sola- 
lion contained no monomer phase. The x-ray M-band indicated a micelle 
diameter of 43 A. On saturating this with styrene this increased by 12 A. 
to 55 A. Potassium persulfate was added and on polymerization the 
diameter of the micelle as represented by the M-band returned to the 
initial thickness of 43 ^ 1.0 A. This solution was again saturated with 
styrene. This gave an increase in diameter not far from the initial one of 
ca. 12 A. Obviously this process can be repeated over and over again, but 
the soap concentration decreases due to the adsorption of soap on the latex 
particles thus produced. These increase the turbidity of the solution. 

A question now arises: if the monomer is polymerized while in the 
micelle, how does the weight of the molecule w Inch is formed agree with the 
sum of the molecular weights of styrene in the micelle, i.e., the so-called 
micelle molecular weight? 

A 10% solution of potassium dodecanoate was prepared. When satu¬ 
rated with styrene at 25®C. this dissolved 1.9 g. styrene per 100 g. of solu-' 
tion. Such a solution was prepared with one-fourth and another with 
three-fourths of this amount of styrene, so all of the styrene present, except 
the very small amount in the water, was solubilized in the micelles. Potas¬ 
sium persulfate was added and the styrene polymerized at 50°C. Table V. 


TABLE V 

Molecular Weight of Styrene per Micelle in Undersaturated 
Solutions and of Polymer Produced in a 10% Solution of Potassium 



Dodecanoate 


M.W. of 

M.W. of 

Degree of 

' saturation, % 

monomer 
per micelle 

polymer 

(number average) 

77 

3200 

225,000 

25 

1000 

4,400 


® From viscosity and therefore not very accurate. 
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gives the sum of the molecular weights in the micelle (micelle M.W.) and 
the molecular weights of the polymer produced. 

If the solubility of styrene in water at 50°C. is taken as 7 X 10“* g. 
per gram of water, the number of molecules of styrene per cubic centimeter 
of aqueous phase is 4 X 10“. The diffusion constant for styrene is about 
10”‘ cm.^/sec. in the water. The growth of the polymer molecule, after 
it grows larger than the amount of styrene in the initial micelle, reduces the 
concentration of styrene out of the adjacent micelles. At a 10% concen¬ 
tration of potassium dodecanoate the number of micelles per cubic centi 
meter is about the same as the number of free styrene molecules, i.e., 
those not solubilized in micelles. Thus the reduction in molecular weight 
of the polymer with increasing undersaturation of the micelles with styrene 
appears to be due to a lowering of the rate of diffusion in a direction out of 
micelles in which polymerization is not initiated. 

Thus it is evident that in the absence of monomer emulsion droplets: 

(o) The larger part of the polystyrene molecule is formed from styrene 
which was not present in the micelle in which the free radical has its initial 
growth. Most of the material of the polymer molecule comes from mono¬ 
mer molecules in the aqueous phase wliich diffuse out of other micelles. 
These are depleted in styrene in order to supply material to the free radical 
which has grown larger than corresponds to the amount of monomer in 
that micelle which was “stung” by the initial small free radical from the 
aqueous phase (or one inside which a primary free radical was formed by 
return of the catalyst) and in which the polymer molecule began its growth. 

(6) As a result not only does the soap of the initial micelle change into 
adsorbed soap, but in addition a considerable number of other micelles 
lose their soap to the growing chain and thus disappear. 

With 3% of potassium dodecanoate the number of miceUes is of the order 
of 10*® per cubic centimeter. When 180 g. of water is used per 100 g. of 
monomer and the polymer particles reach their maximum size at a diame¬ 
ter of 800 A. the number of polymer particles formed is of the order of 1.5 
X 10“ per cubic centimeter. In this case it takes only a little less than 
about 700 micelles to initiate one polymer particle, i.e., the growth of a 
free radical occurs in only one out of nearly 700 of the micelles initially 
present. Tlie material of the other micelles changes into adsorbed soap. 
It is not improbable that several polymer molecules may meet each other 
and form a small aggregate as the sourt^e of a single polymer particle. If 
this is true, it is obvious that the number of micelles present initially to 
give one polymer particle is smaller than the 700 listed here. It appears as 
if both micelles and polymer-monomer particles in water are extremely 
favorable loci for polymerization as compared with solutions of monomers 
in an oil phase. However, as pointed out above a great number of the 
initially existent micelles have no chance to give polymerization since they 
disappear very early to give adsorbed soap. 



232 


WILLIAM D. HARKINS 


IV. STANDARD OR ‘‘MUTUAL” FORMULA FOR GR-S 

The standard or mutual formula used for the production of GR-S is 
given in Table VI. 




TABLE VI 


Ingredienl 

Grams 

Ingredient 

Grams 

Butadiene. 

75 

Soap. 

... 5 

Styrene. 

25 

Potassium persulfate. 

... 0 3 

Water. 

. 180 

Lauryl mercaptan. 

... 0.5 


Whenever in the work of this paper styrene or isoprene alone was used, 100 
g. replaced the 75 g. of butadiene and 25 of styrene, and with an isoprene- 
styrene mixture the proportions were 75 g. of isoprene to 25 g. of styrene. 

V. MONOMER-POLYMER RATIO (M/P) IN THE LATEX 

PARTICLE 

According to the theory as initially presented by the writer, nearly all of 
the polymer produced in the emulsion polymerization of relatively insoluble 



Fig. 10. The polymer-monomer (M/P) ratio by 
^ a gravimetric method. At higher yields than that at 

which the curves meet the line represented by dashes 
gives the M/P ratio. 

monomers is formed in the monomer of monomer-polymer (latek) particles. 
The results of various types of experiments indicate that more than 99% 
of the polymer is produced in these particles. As long as emulsion droplets 
of monomer are present monomer diffuses from these, through the aqueous 
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phase and into the latex particles. Thus monomer is continually added by 
diffusion, but its amount in the particle is decreased by the polymerization 
which occurs inside it. Thus the value of M/P is changed at a rate which 
depends upon the rates of diffusion and of polymerization. 

Experiments with isoprene indicate that the M/P ratios exhibit about 
the same values as with styrene. 

The value of M/P at any given yield of polymer, smaller than that at 
which all of the monomer is in the polymer, is dependent upon the concen¬ 
tration of the soap, rates of diffusion and reaction, temperature, nature of 
the soap, length of the induction period, nature of the polymer, nature of 
the agitation, etc. Thus it may vary considerably. However the work of 
Herzfeld shows that good agreement between different experiments is ob¬ 
tained when these variables are kept nearly constant. 

Since this ratio is considered in detail in a paper which follows, only a 
few of the more general relations are considered here as exhibited in 
Figure 10. This gives the values of the ratio above a 20% yield for 2.5, 
5.0, and 10% as much soap as initial monomer or 1.37, 2.70, and 5.26% in 
the aqueous phase. At a 5% yield the values vary from M/P = 2.5 to 
2.7. 

The value of the ratio: (a) increases with soap concentration; and (6) 
decreases with yield; above a certain yield, the value of which changes 
with experirnefital (londitions, all of the monomer is present in the mono¬ 
mer-polymer particles, so above that yield the value of the ratio is given 
by the equation: 


M/P = (100 ~ y)/y 

At lower yields the ratio is lower than that given by this equation, but 
higher than any ratio given in the region where this ratio is valid. 

It is obvious from the values obtained that at low yields the monomer- 
polymer parli(*le contains much more monomer than polymer. Thus 
(except for the monomer emulsion droplets, which act only as a storage 
reservoir and not as a seat of reaction) at yields above 5% essentially all 
of the monomer available for the reaction is associated with the polymer 
in the latex particles. 

VI. DISAPPEARANCE OF SOAP WITH YIELD OF POLYMER 

At low^ yields the monomei^polymer particles in the latex are very small. 
Consider, e,g,, that at 6% yield the electron microscope shows that the 
diameter of the polymer particles is 200 A., and the value of M/P is de¬ 
termined as 2.5, so the volume of the monomer-polymer particle is 3.5 
times that of the polymer particle. If a monomer droplet 1 g in diameter 
were to completely disappear and be converted into such monomer- 
polymer particles,‘the interfacial area would be increased by about 33 
times. 
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Presumably, from what is known, the inference can be drawn that in the 
2.78% solution of the mutual formula the micelles are not much larger 
than just above the critical micelle concentration, below which they dis¬ 
appear. In this region of the critical concentration, a region which is not 
always sharply defined, no polymer can be formed in micelles, since their 
number is not appreciable. 

But the whole monomer particle does not disappear here. Now if half 
its area disappears, by conversion into monomer-polymer particles of the 
above size, then the area is increased by a factor of 23. 

Under these conditions soap disappears rapidly from the solution by a 
change into adsorbed soap. 



Fig. 11. Surface tension 
of the solution in emulsion 
polymerization. The rapid 
increase in surface tension at 
about a 12% yield represents 
the disappearance of soap 
micelles. 


Fig. 12. Disappearance of soap as a 
function of yield. The two lower curves 
represent 5% as much soap as monomer; 
the upper curve 10% as much. With the 
higher amount of soap it has not disap¬ 
peared at a 50% yield. The dye method 
used is not very accurate in the prc^sence of 
latex but gives the general shape of the 
curves.®^ 


Two methods have been used to determine the yield at wliich micellar 
soap disappears. In one of these the surface tension of the latex solution 
was determined as a function of yield (Fig. 11). A correct ring method 
was used. This involves the corrections of Harkins and Jordan.The 
most essential feature of the work is to cream the emulsion without dis¬ 
turbing the equilibrium between the monolayer of soap on the emulsion 
droplets and the soap in the solution, but this can be done. It is also more 
difficult to obtain an accurate determination of the surface tension when 
polymer-monomer particles are present than in their absence. The sur¬ 
face tension begins to rise rapidly in the region of the critical micelle con¬ 
centration, or in this case at a yield close to 15%. 

This is a representative experiment, which when repeated half a dozen 
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times at 50°C. with the same 75% of isoprene and 25 of styrene, gave about 
the same result. 

Styrene gives somewhat larger particles, so the disappearance of micelles 
should occur at a higher yield. Figure 12 indicates that, with this mono¬ 
mer, micelles disappear at about a 20% yield when at 37®C. very slightly 
more than a 3% solution of potassium tetrandecanoate, or at 40.7®C. a 
2.8% solution of the dodecanoate, is employed. In both of these experi¬ 
ments all of the monomer in the emulsion droplets had been transferred 
into the monomer-polymer particles. 

With double the amount of soap (5.6%) all of the monomer had entered 
the monomer-polymer particles at a yield of 30%, but micelles remained at 
all yields. 

These results were obtained by observing the disappearance of the 
fluorescence of Rhodamine 6 G and of two other dyes. In solutions of soaps 
alone these fluoresce when micelles are present or above the cmc, but not 
just below the (‘me, since the single ions quench the fluorescence. In the 
presence of monomer-polymer particles this quenching is not so complete 
as in their absence. However the results indicate that with these two 
soaps the micelles disappeared at a yield of about 20%. 

If half as much or 1.4% of soap is used the monomer-polymer particles 
are larger at the same yield, but since there is much less soap to be ab¬ 
sorbed, its disappearance occurs at a much lower yield. 

On account of the difficulties in the titration when latex particles are 
present, the curves which relate free soap concentration yield are inaccu¬ 
rate. IIow ever the rate of disappearance of soap is largest in the beginning 
and decreases with yield. 

Although the following values are highly variable it may be said that with 
2.8% of soap ca. 10^® micelles per cubic centimeter must disappear and the 
amount of soap contained in them be adsorbed, if polystyrene is involved, 
on ca, 1.5 X 10^^ monomer-polymer particles at yields of 12 to 20%. The 
number of latex particles increases very little as the yield increases above 
these values. With less soap there are fewer micelles and a smaller num¬ 
ber of latex particles. 

The amount of polymer in a latex particle increases with time, so at the 
same yield the younger particles are smaller, in terms of polymer, than the 
older ones. The obvious inference is that if a latex were to be produced 
with a uniform particle size, then all of the particles should have the same 
age. 

VII. RATE OF THE POLYMERIZATION REACTION 

According to the writer’s theory of the mechanism of emulsion polymeric 
zation almost all of the polymer is produced by the growth of free radicals 
in the monomer present in what had been considered by others as polymer 
particles, but are actually monomer-polymer particles. Since each of these 
particles constitutes a polymer reactor essentially independent of the other 
like particles, it is evident that the rate of reaction per unit volume of solu- 
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tioii should be doubled by doubling the number of particles provided the 
size and monomer-polymer ratio could be kept the same, together with the 
same rate of addition to the particle of free radicals, and the supply of other 
reactants remains unmodified. 

It had been found at work in the research laboratory of U. S, Rubber 
Company that in the polymerization of styrene the presence of atmospheric 
oxygen gave an induction period of several hours. On this account a high 
vacuum system of tubes was installed. The solids were evacuated at 
10~^ rnm. and the water and monomers distilled separately several times in 



Fig. 13. Linear rate of poly¬ 
merization of styrene-isoprene at 
50^C. with no induction period. 



Fig. 14. Linear rate of poly¬ 
merization with slight induction 
period. 


another portion of the system where they were condensed by liquid nitro¬ 
gen. Finally at low pressure the ice and solid monomers were allowed to 
melt and distil into a tube in liquid nitrogen which contained the soap and 
catalyst. 

The above treatment resulted in a linear rate of polymerization with no 
induction period at 50°C. as exhibited in Figure 13, with 75% isoprene 
and 25% styrene in the GR-S formula. 

By the use of this technique 9 polymerizations with the same formula 
at 50°C: gave a linear rate to a yield of 50%, but an induction period of 
about 30 minutes (Fig. 14). 

In two other experiments (Fig. 15) 5% as much air as liquid was in¬ 
troduced, but potassium ferricyanide was added to overcome the effects 
of the oxygen. With 0.2% there was no apparent induction period, and 
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the remarkable result was obtained that the linear relation persisted up to 
a 75% yield. 

In this experiment soap micelles are present up to a yield of about 15%, 
with very few micelles above a 10% yield. Thus above a 15% yield the 
number of polymer-monomer particles remains practically constant, and 
increases extremely little above 10%. 

These experiments indicate that between a yield of 10 to 15% up to the 
upper limit of linearity the monomer-polymer particle produces polymer 



Fig. 15. Linear rate of poly¬ 
merisation of slyrcne-isoprene with 
potassium ferricyanide present. No 
induction period with 0.2% KsFe- 

(c:n)«. 



Fig. 16. Linear rate of poly¬ 
merization of styrene at three dif¬ 
ferent temperatures with decreasing 
induction period with increase in 
temperature. 


at a rate which is constant and independent of its size. The over-all rate 
V aried only between 4.2 and 4.4% per hour in four sets of experiments. 

The existence of this constant rate of polymerization as reported in 1943^^ 
has become the basis of two important extensions of the writer’s theory. 
In one of these by Smith and Ewart, as discussed later, this is explained on 
the basis of the action of free radicals. 

Another kinetic treatment by Corrin^® made use of other experiments 
(Fig. 16 and Table VII) in which the linear relation was found in the poly¬ 
merization of styrene at 35, 42.5, and 50°C. with 5% as much air as solu¬ 
tion. 

Thus the rate with styrene alone is, at 50°C., faster by a factor of 8.7, 
than when 75% is replaced by isoprene. At all of these temperatures the 
yield is a linear function of the time up to a high yield. 
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Time in hours- 

Fig. 17a. Yield of polystyrene as a function of 
soap concentration ivith the smallest concentra¬ 
tion of potassium dodecanoate below the lunc.*^ 



S) recipe (after KolthofiT). The numbers alongside the cunres indicate 
the soap concentrations (C) with 1 equal to 5.0% of monomer, ^/i equal 
to ZS %9 Vt equal to 0.625%, etc. The curves illustrate constant rate 
of reaction for S and 10% soaps. 
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TABLE VII 

Rates and Inddcstion Periods in the Emulsion Polymerization of 

Styrene (Corrin) 

(Mutual formula with atyrene alone) 


Rate, Induction 

Temp., ^C. % per hour period, hours 

35.0 10.0* 1.27 

42.5 17.2, 0.35 

50.0 37.4i 0.16 


The conclusion reached is that the reaction in the monomer-polymer par¬ 
ticle is of a three-halves order with respect to monomer. 

With no induction period the yield (y) is a linear function of the time (0 
as expressed by the relation: 

y = at 

in which a is a constant. This becomes: 

y ^ ait - to) 

when the induction period is /o. 



Fig. IB. Effect of soap concentration and seeding without soap 
upon the yield of polystyrene. 

The effect of the concentration of potassium dodecanoate upon the rate 
for isoprene-styrene is exhibited in Fig. 17a and b, and of silica free (S. F.) 
flakes, a mixture of tallow soaps with a much higher mean molecular 
weight, in Figure 18 for isoprene alone. In the latter polymerization the 
rate is 85% higher with an initial soap concentration of 2.8% than with 
half this concentration. 
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According to the general theory presented here the overall rate of poly¬ 
merization should be not very far from proportional to the number of 
monomer-polymer particles, and nearly every one of these has its origin 
in a soap molecule. Now if every soap micelle were to initiate a single 
polymer molecule, which becomes a monomer-polymer particle, then the 
yield of polymer should be nearly proportional to the initial amount of 



Fig. 19. Yield as a function of time for 
polystyrene with silica-free flakes and aero¬ 
sol AY. 


micellar soap. However, since, as shown earlier, relatively few of the 
micelles wtiich exist initially produce polymer molecules, this does not need 
to be true. However it is to be expected that an increase in soap concen¬ 
tration should give an increased rate. 

If the amount of soap is doubled, Smith and Ewart, on the basis of their 
thpory,^^ find that for styrene the rate should be increased by 1.51. In this 
laboratory Stearns, with 75% isoprene and 25% styrene at 50°C. found the 
factor to be 1.85 between 2.5 and 5.0% as much soap as monomer by weight. 
For GR-S at 50°C., KolthoflP® obtained a ratio of 1.63 with S. F. flakes. 
In all of the cases cited above the yield was very nearly a lineiar function of 
time. With potassium myristate, KolthofiF found with GR-S the ratio 2.3 
between 0.025 and 0.05 molar soap, and 2.1 between 0.05 and 0.1 molar 
soap. These high values were obtained from nonlinear curves as ratios of 
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the yields at 6 hours. With butadiene alone the ratios from 0.024, 0.037, 
0.95, and 0.19 molar soap were 1.77, 2.0, and 1.83, respectively, at 6 hours. 

Figures 17 and 18 exhibit the effects of other concentrations of soap. 
The relation with lower concentrations is far from linear, exhibiting an 
inflection at a concentration which increases with decrease in soap concai- 
tration. Figure 19 shows the slower rate with aerosol AY, which heis very 
small micelles. 



Fig. 20. Effect of the amount of water on the rate of poly¬ 
merization of polystyrene. 



Fig. 21. Effect of oxygen in decreasing the rate of 
polymerization of polystyrene. 

The effect on the rate of polymerization of the use of twice the weight of 
water (360 g. instead of 180 g.) is not very great, as shown in Figure 20 
which represents 34 independent polymerizations. The rate seems to have 
been reduced slightly when the amount of persulfate was kept constant 
but its concentration reduced. 

The rate was reduced greatly by the admission of a small amount of 
oxygen in the form of air (Fig. 21). Usually this gives an induction period, 
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but in the case of curve B there is no apparent induction period. This is 
presumably due to the fact that only 5% as much air as solution was ad¬ 
mitted. 

It is shown in Figures 13 to 16 that under the best conditions the use of 
the mutual formula (5% as much soap as monomer) gives a linear relation 
between yield and time, i.e., a constant total rate of reaction. With twice 
this amount of soap also the linear relation may persist, but with half 
(2.5%) or less than half the ‘‘mutual” amount, the over-all rate is much 
less at low than at higher yields, often attaining a maximum rate at about 
a 40% yield. The lower initial rate and the later increase seem to be re¬ 



in water plus potassium per¬ 
sulfate at 50as a function of 
time. 



potassium dodecanoate. 


lated to the much smaller amount of polymer produced in the earlier stage 
of the reaction on account of the smaller number of micelles present. 

Thus it appears to be necessary to build up the amount of polymer 
above a low yield before a higher rate of polymerization can be attained 
(Figs. 17, 18, 22, 23). Insofar as data for these rates and the monomer- 
polymer ratio (M/P) are known the rates are in accord with the theory ad¬ 
vanced by Corrin of this laboratory, according to which the rate is propor¬ 
tional to (M/P)*^®P. Other factors probably enter and considerable work 
ne^s to be done to establish a more complete theory. 

VIII. POLYMERIZATION IN WATER OR IN NONMICELLAR 

SOAP SOLUTIONS 

See Figures 22 and 23. 

Even when relatively insoluble monomers, such as styrene or isoprene 
are employed, polymerization occurs in water with only a catalyst present. 
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The rate of reaction is extremely slow at first, but becomes more rapid as it 
proceeds. Even at an extremely low yield of less than one per cent (0.75%) 
the diameters of polystyrene particles were found to be distributed irregu¬ 
larly from 400 A. up to very high values, some of these due to aggregation, 
since no soap is present to stabilize the suspension. At the same extremely 
low yield with potassium dodecanoate at 0.006 molar or one-fourth its cmc, 
the particles were already large with a peak in the number distribution 
curve at a diameter of 1850 A. (Fig. 24) with almost no particles below 
1000 A. and with a small number between 3000 and 4700 A. 

The very low initial rate of reaction is explained very simply. It should 
be slower with no soap than with nonmicellar soap, since almost no emul¬ 
sion droplets are present and there is considerable aggregation of the latex 
particles. Thus though the diffusion coefficient is essentially unmodified, 
except at the oil-water interface where diffusion is slowed by the soap film, 
the diffusion path is greatly lengthened. The principal factor, which slows 


30 

I 

|20 

•s 

i 

Fig. 24. Distribution of diameter of s 
polystyrene with the rate represented ^ 
in Figure 23.^^ 


the rate of formation of moderately large polymer particle nuclei, is that 
nowhere does a diffusing free radical meet such high concentrations of 
monomer as in the micellar pockets of solubilized monomer present at 
higher concentrations of soap. 

A remarkable feature of the reaction in water is that it changes from very 
slow to rapid with time. This seems to be due to the building up of a store 
of small polymer particles which increase the rate more than the single 
molecules. 

An interesting case arises when a much more soluble monomer (acryloni¬ 
trile, methyl methacrylate, etc.) is completely dissolved and the rates of 
reaction determined with and without soap. This has been done in this 
laboratory with the former and in much more detail by Baxendale^ with 
the latter. Both sets of experiments show that the rate of reaction is 
greatly increased by an increase in concentration of the detergent even 
when no micelles are present. Even as little as 10 cetyl trimethyl am¬ 
monium bromide doubled the rate of the latter. The cmc of this detergent 
18 8.5 X mole per liter. 

In either set of experiments the rate increases with increase in soap con¬ 
centration, but at higher concentrations decreases. The increase in rate is 
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not affected in any detectable way by the presence of micelles. The ex¬ 
tremely rapid increase of rate with soap concentration is due to the emulsi¬ 
fying effect* of soap on the monomer-polymer particles, i.e., the soap pre¬ 
vents their aggregation and thus keeps their number high. 

This is an example of a case in which the micelles are not needed to give 
polymerization with a water-soluble catalyst. 

Baxendale used a “redox” (Fe++-H202) polymerization, which at 25°C. 
gave a yield in 10 minutes of ca. 15% with no soap and 87.5% with 0.027 
M cetyl trimethyl ammonium bromide. This is an extremely rapid poly¬ 
merization which exhibits a very large increase of rate with very small in¬ 
crements of soap. 

In this laboratory Lind used a 6.66% (0.495 M) solution of acryloni¬ 
trile at 35®C. with potassium persulfate as catalyst and (Stained much 
lower rates of reaction, 5% per hour with 0.002 molal potassium lauryl 
sulfate (Baxendale’s initial rate ca. 10% per minute with 0,001 M deter¬ 
gent) and 16% per hour at 0.012 molar. 

The concentration of monomer in both these series of experiments is so 
high that a free radical which is formed in the water grows rapidly and thus 
gives a polymer molecule which serves as a nucleus for a monomer-polymer 
particle. This increases in size by the same mechanism as is involved 
when it is initiated in a micelle. 

IX. NEGLIGIBLE FORMATION OF POLYMER IN THE 
MONOMER EMULSION DROPLETS 

Experiments on isoprene or styrene were found, in a solution of soap and 
catalyst, to give at 50°C. only a negligible yield of polymer (Table VIII). 

TABLE VIII 

Ratio P/M of Polyisoprene to Isoprene in the isoprene Phase at 


Per cent 
yield 

Stearns 

46‘’C. 

P/M 

Simon 

M/P 

Remaining 
% monomer 

5 

0.001 

— 

2 0 

85 

5.3 

— 

0.005 



9 


0.01 

— 

— 

25 

0.005 

— 

1.75 

31 

29 

_ 

0.015 

— 

— 

40 

0.01 

—. 

— 

— 

45 (50 °C.) 

0.004 

— 

— 

— 


Polymerization mixtures of the composition 10 cc. of isoprene, 15 cc. of a 
solution, of 1% potassium laurate and 0.05% potassium persulfate, and 
0.01 cc. of lauryl mercaptan were carefully pipetted into bomb tubes. 
These tubes were shaken in a thermostat at 46°C. for various lengths of 
time. The tubes were then centrifuged, and the aqueous layer was frozen 
in liquid nitrogen. The monomer layer was decanted into tared flasks. 
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After flask plus monomer layer was weighed, the monomer was evap¬ 
orated oflf in a vacuum desiccator. The flask with this remaining polymer 
was weighed, and the polymer-monomer ratio was computed. The poly¬ 
mer in the aqueous phase was precipitated and weighed after drying. 
From the total amount of polymer the percentage yield was calculated. 

A second, less direct, method was used (Fig, 25), Drops of isoprene 
0.42 and 0.52 mm. in diameter were allowed to hang at 50®C. in solutions 
which induce polymerization. The isoprene diffused into the aqueous 
phase until at a certain time the drop became distorted. It was then a 
monomer-polymer particle with a large enough amount of polymer to 
cause distortion and wrinkling when additional monomer diffuses out of the 
drop which has up to this time a smooth surface. The volume of the 


Fig. 25. DifTusion from a drop of 
isoprene into a 12% solution of po¬ 
tassium dodecanoate containing the 
standard amount of potassium per¬ 
sulfate at 50®C.'’‘ 



Time in minutes 


monomer-polymer particle is at this point about one-seventieth of the 
initial volume, but, since the amount of polymer present is unknown, this 
does not disagree with the lower values of P/M found by the more direct 
method. 


X. EFFECT OF MODIFIER (REGULATOR) 

Early in the current synthetic rubber program Ewart^^ found that mer- 
captans reduce the molecular weight of polystyrene produced in an emul¬ 
sion, and that their effectiveness in improving the processing characteris¬ 
tics of GR-S is due to their effect in regulating the size of the molecules of 
polymer. It was found that the molecular weights of either polybutadiepe 
or polyisoprene formed in the presence of a mercaptan is determined by the 
rate of reaction of the mercaptan. Also one molecule of polymer is pro¬ 
duced per molecule of mercaptan consumed, and that this is true also holds 
in the formation of 

Although the use of a mercaptan is not essential to the production of poly¬ 
styrene, since it acts as a chain transfer agent, the copolymerization of 
styrene (25%) and butadiene (75%) when catalyzed with potassium per¬ 
sulfate proceeds with extreme slowness even at 50°C. when no mercaptan is 
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present as a promoter. In the mutual formula 0.5 g. of dodecyl mercaptan 
is used with 100 g. of monomer. One of the earliest types of experiment 
carried out in this laboratory in 1943*® is represented in Figure 26. This 
shows that the reaction rate at 50®C. is increased only slightly if the con¬ 
centration of the mercaptan is multiplied by 4, and reduced only slightly 
if divided by 4, but is greatly lowered at one-twentieth the standard con¬ 
centration (0.025 g. per 100 g. monomer). 

According to the theory of the writer the mercaptan is stored largely in 
the monomer droplets, and from these diffuses out through the surrounding 
monolayer of soap into the aqueous phase, where it is more subject to a 



Fig. 26. Effect of the concentration of dcnlecyl mercaptan upon 
the rate of polymerization of styrene 25%, isoprene 75%. 

change to a free radical by oxidizing action of the catalyst than most mono¬ 
mers. This is specially true in the copolymerization of styrene and buta¬ 
diene. 

It is obvious on this basis that the behavior of mercaptan as either the 
molecule or the free radical is highly dependent upon the rate of diffusion, 
which decreases with the length of the normal hydrocarbon chain and is 
increased by a branching of the chain. If the rate of diffusion is too high 
the mercaptan is used up too rapidly, if too low it does not get to the seat 
of the reaction quickly enough. 

Dodecyl or other mercaptans act as promoters in GR-S polymerization, 
since the energy required for their change to free radicals is smaller than 
that of the monomers in the butadiene-styrene mixture. The mercaptan 
also acts as a chain transfer agent and decreases the amount,, of branching 
and cross linking. If too much mercaptan is used the molecular weight is 
low, so to prevent the necessity for the use of too large a quantity the poly¬ 
merization is commonly stopped at a yield of about 70%, which is about 
10 to 20% above the yield at which all monomer droplets have disappeared. 
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With the mercaptan as with the monomers their greatest effect is that 
in the polymer-monomer particle. They also influence the reaction in the 
oil solubilized in the micelle, although the number of molecules of mercap^ 
tan is relatively so small (one molecule to 700 of the initial monomer phase) 
that many micelles escape their influence; since if equilibrium were estab¬ 
lished relatively few of the micelles would contain even one molecule of 
mercaptan. Also, the mercaptan diffuses much more slowly than buta¬ 
diene and more slowly than styrene, and the solubility in micelles is small. 
For example, only 0.0012 and 0.008 g. of n-dodecyl mercaptan dissolve in 
100 g. of 0.3 molar solutions of potassium dodecanoate and tetradecanoate 
respectively at 25®C. and this is 3 times the initial concentration of soap 
in the mutual formula. 


XI. REDOX SYSTEMS 

Reduction oxidation systems which speed up copolymerization so that it 
can be carried out at 0®C. or even lower, have recently come into favor, 
since it is supposed that at the low temperature there is less branching and 
cross linking and thus longer chains can be built up. Ferrous ion, oxidized 
to ferric ion by benzoyl peroxide (Marvel) appears to function as a source 
of free radicals. Recently cumene hydroperoxide has come into favor. 
This presumably gives the free radical: 

CHj 

ck, 

but it is not known whether this or smaller free radicals formed from it are 
responsible for its activity. 

It is difficult to compare properly the rates of reaction at temperatures so 
different as those used with potassium persulfate and in redox systems, es¬ 
pecially when it is considered that both the stability and catalytic activity, 
and also the relative solubilities of the monomers, are so different. 

Redox systems give in general both a much more rapid polymerization 
and a much larger number of latex particles than when potassium persulfate 
is used. Thus it seems that redox systems are more efficient in initiating 
the growth of a free radical in the monomer inside a micelle. 

A reducing agent, sodium sulfite, was found to give an increase of rate 
from 19.4% per hour to 30.2% per hour, at 42.5® when added initially to 
the mutual formula with potassium persulfate as catalyst. 

Another, somewhat similar type of experiment, gave much more useful 
information. When the mutual formula is used at 35®C. all micelles dis¬ 
appear in general before the yield attains a value of 15%. The effect of 
the addition of ferrous sulfate at a 31.8% yield when no micelles are present 
is to double the rate of polymerization, as exhibited in Figure 27. The 
amount of ferrous sulfate added was 10% higher than that necessary to 
reduce completely the 0.17% of potassium persulfate present initially. 
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In this experiment the rate was double without the presence of micelles 
to initiate new polymer particles. Work of this type will be undertaken in 
an endeavor to determine if more than one free radical can grow simultane¬ 
ously in a single latex particle. 

All that is known at present is that when the very active redox catalyst 
is used initially more polymer nuclei are formed, which indicates that the 
micelles are used more efficiently, i.e., initiation occurs in a greater function 
of the micelles present. 



Fig. 27. Effect of adding ferrous sulfate at 
a 32% yield of polystyrene with potassium per¬ 
sulfate as the initial catalyst. The change 
to a redox polymerization doubles the rate. 


Whether, however, in redox polymerization the number of latex par¬ 
ticles is larger by a sufficient factor to explain the increased rate, is not 
known. There is a suggestion, in Figure 26, obtained in 1944,®® that an 
increase in catalytic activity of the catalyst may increase the rate (by a 
factor of 2 in this case) without an increase in the number of monomer- 
polymer particles. The ferrous sulfate was added at a yield of 32.5% 
which is too high for the existence of micelles. 

This seems to indicate an increase in the all-over rate, without an in¬ 
crease in the number of monomer-polymer particles, seemingly due to an 
increase in activity of the catalyst. Now that redox systems have come 
into use, other investigations of this type will be undertaken. 
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Summary 

This paper develops further a general theory presented earlier. In 
emulsion polymerization the monomer emulsion droplets serve merely as a 
storehouse of monomer molecules. These diffuse into the water and are 
caught by; (a) soap micelles, and (6) polymer particles, giving polymer-* 
monomer particles. With slightly soluble monomers (butadiene styrene, 
isoprene, etc.), nearly all of the polymer is produced by the growth of free 
radicals in the monomer present with the polymer in these polymer- 
monomer or latex particles. However, almost every latex particle is 
initiated by the growth of a polymer molecule which starts its growth in 
the monomer solubilized inside a micelle. The number of latex particles 
increases with yield until all of the micellar soap disappears by adsorption 
of a monolayer of soap upon them. The number of particles initiated 
inside the micelles increases with soap concentration and with the activity 
of the catalyst or catalysts, and with 5% as much soap as monomer and 
2.8% as much as water, is of the general order of 1.5 X 10^^ particles per 
cubic centimeters of water. 

Soap is used for two purposes: 

(а) To stabilize the emulsion of monomer and the polymer monomer 
particles by forming a monolayer of soap around each of them. This 
gives an electrical charge to all of the particles. 

(б) An important function of a micelle is to solubilize a small core 
of monomer inside it and to provide a much larger target than a single 
monomer molecmle with w hich a free radical of monomer or mercaptan may 
come in contact by diffusion. In it starts the growth of a polymer free 
radical which, under usual conditions, grows very much larger than corre¬ 
sponds to the amount of monomer in the micelle. The molecule thus 
formed absorbs monomer and thus starts the growth of a polymer-mono¬ 
mer particle. The number of micelles present initially, if the mutual 
formula is used with potassium dodecanoate or tetradecanoate is of the 
general order of 10^® per cubic centimeter of aqueous phase. Thus, several 
hundred micelles are present initially with the principal purpose of forming 
only one polymer particle. Thus, the greatest part of the soap is employed 
for a secondary purpose: to stabilize the colloidal particles (ca. 1.5 X 10^® 
per cubic centimeter of aqueous phase). 

The monomer-polymer ratio {M/P) with a maximum value of 2.5 to 3.0 
is discussed in its relationsliip to the theory, and many other relations, 
especially those concerned with diffusion and the structure of micelles are 
considered. It was found, for example, that with an amount of styrene in 
the micelle equivalent to a molecular weight of 3200, and no other styrene 
present except the very small amount dissolved in the water, the polymer 
exhibited a mean molecular weight of ca. 200,000. Thus, a polymer free 
radical initiated in a micelle grows until it not only includes all of the mono¬ 
mer in the micelle, but obtains most of its growth by uniting with monomer 
molecules in the water. 
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In connection with extensive x-ray investigations it was found that: 
(a) The long spacing band (I-band) known earlier gives no useful knowledge 
at present. (6) A new M-band was found giving the diameter of the soap 
micelle considered as a sphere. Apparent density (calculated from Wright 
and Tartar’s densities) of the micelle is low. (c) Solubilization of hydro¬ 
carbons increases the diameter of the micelle: of an alcohol or amine, gives 
no increase, but with chain lengths of 5 to 7 carbon atoms reduces the di¬ 
ameter by as much as 10 A. A dye color or fluorescence titration shows 
that salts and alcohols greatly reduce the critical micelle concentration of 
soaps, and give results which prove that the Debye-Hiickel theory is not 
applicable to micellar solutions. 

Although the general outline of the theory was developed by the writer in 1942 in 
connection with work at the Research Laboratory of U. S. Rubber Company at Passaic, 
N. J., the paper as presented here is due to able collaboration of M. L. Corrin, S. H. 
Herzfeld, E. L. Lind, R. Mittelmann, R. W. Mattoon, H. Oppenheimer, A. Roginsky 
and R. S. Steams. 
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R6Bum£ 

Au cours de la polymerisation en emulsion, le systeme se pr^sente initialement avec 
le monomere, disperse en gouttelettes, entourees, elles-mOmes. d*une oouche de savon. 
Le monomere diffuse 4 travers I’eau vers la partie hydrocarbonee interne de la micelle 
de savon, qui contient habituellement 40 a 100 molecules de savon. Si le catalyseur ou 
rinitiateur de chaine est present dans la phase aqueuse, il se forme das radicaux libres 
legers. Plusieurs de ceux-ci penetrent dans les micelles, oh ils s’accroissent avant d*8tre 
desactives, en environ iin millienie de seconde. Une grande partie de cet accroissement 
se passe par extension des radicaux libres vers I’eau. Ce precede continue jusqu*§i oe 
que tout le savon micellaire ait disparu par adsorption du savon aux particules mono- 
mere-polymere. qui soiit formees par diffusion du monomere vers les particules de 
polymeres, ainsi constituees. La plus grande partie du polymere est produite par 
polymerisation du rnonomere dans des particules. 

Zusammenfassung 

In Einulsionspolymerisationen besteht das System anfangs aus Monomertrbpfchen, 
die von eiuer monomolekularen Seifenschicht umgeben sind. Das Monomer diffundiert 
durdh das Wasser in den inneren Kohlenwasserstoffteil der Seifenmizellen, die gewohn- 
lich 40 bis 100 Seifenrnolekuele enthalten. Wenn der Katalysator im Wasser ist. werden 
freie Radikale begildet. Vide von diesen dringen in die Mizellen ein, wo sie vor der 
Kettenbeendung ungefahr ein Tausendste einer Sekunde lang washsen. Viel von 
diesem Wachstum beateht in einer Verlangerung der freien Radikalen in das Wasser. 
Dieser Prozess gebt vor sich, bis alle Seifenmizellen verschwinden durch die Adsorption 
der Seife an Monomer-Polymerisat-Teilchen die durch die Diffusion des Monomers in 
die so gebildeten Polymerisatsteilchen entstehen. Fast alles Polymerisat wird durch die 
Polymerisation des Monomers in diesen Teilchen gebildet. 

Received July 15, 1948 
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CopolymerisaUoii de PAnhydride Mal^que avec 
Differents Monomeres Vinyliques 

M. C. DB WILDE ET G. SMETS, Laboratoire de Chimie MacromoUcvdaire, 
UniversiU de Louvain^ Belgique 


L’^tude de la copolymerisation de I’anhydride malSique avec plusieurs 
derives 6thyleniques a et6, jusqu*& pr&ent, d6crite dans quelques cas.^ 
L’equation difiF4rentielle de la copolym^risation, utilisSe genfiralement:* 

nil dMi Ml FiMi + Mi 

ni2 dM2 M 2 r2M2 Mi 

6tablit une relation entre la composition du copolymfere (mi/ma) et le 
melange de depart des monomferes (Mi et M 2 ) en fonction des rapports des 
constantes de vitesse de propagation: 

fi = kii/ki2 et Tg == ^22/^1 


Dans la copolym6risation de I’anhydride maleique avec diiBFerents mono¬ 
meres, la constante de vitesse ^22 d’addition de cet anhydride a une chaine 
en croissance se termiiiant par un radical anhydride mal6ique, est tres 
faible; dans de nombreux cas, k 22 et, done, rg deviennent negligeables par 
rapport a ri dans I’equation pr6citee. Dans ce cas, 


mi Ml 

— = 1 IT 

m 2 M 2 


(B) 


c.a.d. que le rapport des monomeres dans le copolymfere est une fonction 
lineaire du rapport molaire des monomeres dans le melange initial, dont ri' 
est la tangente. 

Nous avons applique r&juation diflF6rentielle (A), ainsi que la m6thode 
graphique de Mayo-Lewis,* pour dfeterminer les valeurs ri et rg dans la 
copolym&isatioii de I’anhydride maleique avec Tacrylate de mfithyle, le 
methacrylate de mSthyle, le chlorure de vinyle, I’acetate de vinyle, et 
I’acetate d’isopropenyle. Nous avons egalement applique I’equation sim- 
plifiee (B) dans le cas de Tacrylate et le methacrylate de methyle, oii elle 
s'applique tr^s bien; dans les autres cas, les valeurs de rg ne sent plus 
negligeables par rapport aux valeurs de n. 

Dans le tableau ci-dessous, nous avons consigne les valeurs de rx et rg 
pour les differentes copolymerisations; 
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rt 

r$ 

Acetate d'allyle*. 

. 0.005 

& 0.0075 

O.OIB 

Acetate d’isopropenyle. 

. 0.032 

•fc 0.005 

0.002 

Styrene*. 

. 0.04 

* 0.006 

— 

Acetate de vinyle. 

. 0.055 

4= 0.015 

0.003 

Chlorure de vinyle. 

. 0.296 

* 0.07 

0.008 

Acrylate de methyle. 

. 2.8 

sfe 0.05 

0.02 

Methacrylate de methyle. 

. 6.7 

«*« 0.2 

0.02 


Si la valeur inverse du produit mesure la selectivity des differents sys- 
t^mes envisages, on voit que la tendance a alterner les monomeres au sein 
des copolymeres, est toujours trfes eievee pour tous les monomeres k double 
soudure negativee.® 

La formation de complexes heteropolaires, stabilises mesomeriquement, 
par suite du passage d’un electron de la double soudure riche en electrons. 


iOO 

80 


60 



20 40 60 80 

Fig. 1. Courbes de copolyni^risation. 


Mzi % inolaire en anliydride rnal^iqiic 
dans le melange de depart; m 2 : % rnolaire 
en anhydride mal^quc dans le copolyrn^re. 
Courbe I: acetate d’isoprop^nyle-anhy- 
dride mal^ique. Courbe II: methacrylate 
de methyle-anhydride maleique. 



Fig. 2. Courbes de copolym4ri8ation. 

M 2 I % molaire en anhydride nriaieique 
dans le melange de depart ; mti % inolaire 
en anhydride rnaieique dans le cofK)lymere. 
(>)urbe I: acetate de vinyle-anhydride 
iiiuieique. Combe II: chlorure de vinyle- 
anhydride rnaieique. Courbe III: acry¬ 
late de methyle-anhydridc rnaieique. 


& I’anhydride maleique, avide d’^lectrons, pourrait en €tre la cause; 
I’analogie avec les syntheses di6niques est considerable.*”* 

Les valeurs de r, sont toujours tr^s faibles, et, de ce fait, diffidles k 
determiner avec exactitude. Les valeurs de ri sont optimales dans chacun 
des cas envisages; les courbes des figures 1-3 leur correspondent. 

On remarquera qu’aux faibles concentrations en anhydride rnaieique 
dans le melange de depart, les points experimentaux sont toujours situes e 
des teneurs plus eievees en anhydride que la courbe tracee. Nous attribu- 
ons cet ecart & la di£Sculte des dosages aux faibles teneurs en anhydride 










COPOLYMfiRISATION DE L’ANHYDRIDE MAL^IQUE 


2SS 


malfiique, au fait que lea rendements ne aont peut-6tre pas sufSaament 
faibles pour obtenir la composition initiale du copolym^, et d la s^ectivitS 
particulidrement prononc^e de toutea ces copolym^risations. 

Pour lea copolym^res avec I’acrylate et le methacrylate de methyle, lea 
points experimentaux s’accordent remarquablement avec lea valeura de n 
indiquees. 



2 4 6 8 10 



Fig, 3 . Determination de ri: tangente 
des rapports molaires des monomeres dans 
le melange de depart par rapport 

aux rapports molaires dans le €X>polymere 
d[M{\/d[M^, Droite 1 : methacrylate de 
methyle-anhydride mal 6 ique. Droite II: 
acrylate de methyle-anhydride maieicpie. 


Les valeurs de Q et de e, correspondant a I’anhydride mal^ique, suivant. 
les Equations de Alfrey et Price® sont fonctions des monomSres de r6f6rence, 
que Ton utilise dans ce calcul: 

n = (Oi/Q*) exp {-ci(ei - «*)} 

= {Qi/Qt) exp - c*)} 

Tenant compte des demises valeurs attribu4e8 au styrene (e: —0.8 et 
Q: 1), on trouve qu’& regard des monomdres vinyliques, h double soudure 
n6gativ4e, les meilleures valeurs pour I’anhydride malSique sont: 

Qx 0.18 et e: —2.65 
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Par contre, aux depens des copolymfirisations avec racrylate eUe-inMi- 
acrylate de methyle, on trouve une valeur d6croissante, s’61evant respec- 
tivement k 2.3 et 1.8 au maximum, pour la charge de la double soudure. 
Dans les cas de s61ectivit4 accentuee, il semble que le schema semiquanti- 
tatif d’Alfrey et Price est moins rigoureux. 

PARTIE EXPERIMENTALE 

L’anhydride maleique a et6 purifie par deux cristallisations successives 
dans le chloroforme, puis par distillation sous pression rfeduite. (Eb: 80- 
82®/14 mm.) 

Le chlorure de vinyle (99.8%) a ete purifie par barbottage successif 
dans la soude caustique, I’eau distill4e, et par s&chage dans une colonne a 
chlorure calcique. Les autres monomeres ont ete distill6s sobs atmosphere 
d’azote, irnmediatement avant leur emploi. 

Toutes les copolymerisations ont 6t6 effectuees en solution dans du 
benzene dethiophen^, a une temperature de 75®; la concentration totale 
des monomferes a ete rnaiiitenue k deux-moles par litre de solution. Le 
peroxyde de benzoyle a ete utilis6 comme initiateur, a raison de 0.25 gr. 
pour 100 gr. de monomeres. Les vitesses de copolymerisation des dif- 
f6rents monomeres avec Tanhydride maleique sont 61evees, et fort voisines; 
elles n’ont pas fait I’objet d’une 6tude systematique; les copolym^risa- 
tions ont toujours et6 arretees k des faibles rendements. 

Les copolymeres avec I’acrylate et le methacrylate de methyle sont solu¬ 
bles dans le benzene; au contraire, les autres precipitant geJifies au cours 
de leur formation. Le contcnu des ampoules est additioiine d’ether de 
petrole (Eb. 50-80°) en quantite telle que I’anhydride maleique reste dis- 
sous. 

Les copolymeres precipiteiit a I'eiat poudreux, sauf ceux de I’acrylate de 
methyle aux faibles teneurs en anhydride maleique, qui precipiteiit k 
retat gommeux. Les copolymeres ainsi precipites sont laves au benzene, 
additioiine d’ether de petrole, puis dissous dans I’acetone; par reprecipita¬ 
tion, ils sont isoies et seches sous ^ idv a poids constant k une temperature 
de 40-50®. 

La determination de la teneur en anhydride maleique des copolymeres a 
ete faite eiectrotitrimetriquement, apres dissolution du copolymere dans 
Tacetone et addition ulterieure d’eau. L’inflexion de la courbe marque le 
point de neutralisation des fonctions maieiques; il est souvent possible de 
noter un premier point, correspondant a la formation des groupes maieates- 
acides. La soude utilisee etait decinormale, sauf dans le cas de I’acetate 
d’isopropenyle (iV/50). Par suite de leur insolubilite dans I’eau, les copoly- 
meres au methacrylate de methyle, et ceux k Tacrylate de methyle con- 
tenant peu d’anhydride maleique, ont ete soumis k Tebullition dulrant deux 
heures, en presence d’un excSs de soude caustique; on titre en retour. 
Dans ces conditions les chatnons methacrylate de methyle ne sont pas 
saponifies. 




CoPOLYm£hISATION »U CHLOHUBE DE VimfLE AVEC l’ANHYDRIDE MAlJlQUB 
Monom^res CopolymAres 

or 

MA. 

Vin Cl 

Rendement 

MA. 

Vin Cl 

/n 

MA. oalc. 

5.38 

9t.62 

1.65 

31.7 

68.3 

16 

8.33 

91.67 

3.16 

29.4 

70.6 

22 

25.9 

74.1 

5.4 

38.5 

61.5 

38.5 

54.8 

45.2 

3.24 

39.3 

60.7 

44.2 

67.1 

32.9 

1.54 

43.2 

56.8 

45.2 


n: 0.296 

^ 0.07 

r2: 

0.008 



CoPOLYMiRISATION DE I.’ACETATE DE VINYI.E ET DE l’aNHYDRIDE MAIi^iqUE 

Monomdres 


Gopolym^res 

MaIm 

MA. 

Vin Ac. 

Rondement 

MA. 

Vin Ac. 

iVAOIOB /C 

MA. calc. 

5 

95 

2.9 

42.6 

57.4 

37 

10 

90 

4.8 

44.8 

55.2 

42 

25 

75 

3.8 

44.9 

55.1 

45.5 

50 

50 

4.0 

47.5 

52.3 

48.0 

75 

‘ 25 

1.5 

46.2 

53.8 

48.5 


ri: 0.055 * 0.015 


ra: ^^ 0.003 
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C0P0LYMi!RISATlON DE l’ACETATE D*I80PR0P4nY1JS ET IMS l’ANHYDRIDI: 



Monomdres 


MAL^IQtm 

Copolymdrei 


MA. 

Isopr. Ac. 

Rendement 

MA. 

Iiopr. Ac. 

JnQNM /Q 

MA. calc. 

5 

95 

0.88 

44.2 

55.8 

39 

10 

90 

1.1 

46.17 

53.83 

44.1 

25 

75 

1.8 

47.74 

52.26 

47.74 

50 

50 

1.7 

49 

51 

49 

75 

25 

1.4 

50.25 

49.75 

49.7 

90 

10 

1.6 

49.99 

50.01 

50.5 


n: 

0.032 0.005 

rt: * 0.002 
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Resume 

La copolym6risation de Tanhydride mal6ique avec diif6rent8 d6rlv6s vinyliques, tels 
le methacrylate de niethyle, Tacrylate de methyle, I'acetate de vinyle, Tacetate d’- 
isoprop6nyle et le chlorure de vinyle, a ete Itudiee. Les rapports des constantes de 
vitesses ri et r 2 ont kXb determines dans chacun des cas. La seiectivite est particuliere- 
ment eievee avec les monomeres caracterises par une double soudure, riche en electrons; 
Taccord avec le schema de Price et Alfrey est restreint dans ces cas. 

Zusammenfassung 

Die Mischpolyrnerisation von Maleinsaeure Anydrid mit vcrschiedenen Vinyl- 
Verbindungen wie Methakrylsaeure, Methylester, Vinylchlorid, Vinylazetat und Iso- 
propenylazetat wurde untersucht. Die Verhaeltnisse der Geschwindigkeits-Konstanten 
ri und rt wurden fuer jeden dieser Faelle festgestellt. Die Mischpolyrnerisation mit 
Monomeren, die eine elektronreiche Doppelverbindung enthalten, zeichnet sich durch 
eine hohe Selektivitaet aus. In diesen Faellen koennen die Ergebnisse nicht gaenzlich 
durdh das Alfrey-Price Schema erklaert werden. ' 
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LETTERS TO THE EDITORS 


Linear Methcnl for Determining Monomer Reactivity Ratios in 

Copoly meri zation 

The copolymerization of two monomers Mi and M 2 may be described 
schematically as follows: 

Mr + M, —^ Mr 

Mr + M2 —^ Mi- 

Mi- + Mi —^ Mi- 

Mi- + Ml —^ Mr 

The monomer reactivity ratios are given by ri = ^ 11/^12 and r 2 = kn/hu 
and the copolymer composition equation which relates the polymer com¬ 
position to the monomer composition is given by: 


dMi 

dM2 


Ml riMi + M2 / 
M 2 r2^2 4“ *Mi \ 


mi 

m 2 


for low conversions^ 


( 1 ) 


where Mi and M 2 refer to the monomer composition and mi and m 2 to the 
polymer composition.^® 

TTie values of the monomer reactivity ratios, ri and r 2 in equation (1), 
have been determined by the elegant but laborious graphical method of 
Mayo and Lewis,using the integrated form of equation (1), A simpler 
method involves carrying out the copolymerizations to low conversions 
and using the approximate form of equation (1). The ratios ri and r* may 
then be obtained graphically from the initial and final slopes of the usual 
copolymerization curve in which the polymer composition is plotted against 
the monomer composition. This method may involve large uncertainties 
in the slopes and, consequently, in the ri and ra values, particularly in those 
cases where the slopes are steep or where experimental data at very low 
and very high concentration ratios are unavailable. The reliability of the 
determined values can be increased by the tedious method of calculating 
theoretical curves for pairs of values of n and r 2 and fitting them to the 
experimental curves. 

However, a simpler technique, which permits the use of data in the inter¬ 
mediate concentration regions and reduces the uncertainties in the r values, 
is possible. Iff ^'(mi/rrut) and F = (M 1 /M 2 ), then equation (1) can be 
rewritten as: 
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/ 


nF + 1 


By rearranging terras one obtains: 


F 

f 


(/-I) 



(2) 

(3) 


A plot of iF/f)(f — 1) as ordinate and (F^/f) as abscissa is a straight line 
whose slope is n and whose intercept is minus Equation (2) can also 
be rearranged to: 


/-I 

F 



(4) 


In this case the slope is minus r 2 and the intercept ri. In addition to sim¬ 
plifying the calculations, the use of equations (3) and (4) offers the con¬ 
siderable advantage that they permit the facile use of the method of least 
squares to get the best fit to the experimental data. 

It is of interest to note that in the special case where r 2 = 0, equations 

(3) and (4) reduce to: 

(/-!)« nF (5) 

which is identical in form to one derived by Alfrey, Merz, and Mark.^ 
Similarly, when ri = 0, the equations simplify to: 

(l-/) = r2{//F) (6) 

In Table I the values of n and r 2 determined by using equations (3) and 

(4) are compared with those reported in the literature. The examples were 
chosen to include systems in which: 


(a) 

n > 1; 

r, < 1 

(b) 

n > 0; 

ii 

O 

(c) 

ri < 1; 

r, < 1 


Excellent agreement was obtained between the reported values and those 
obtained by the use of either equation (3) or (4). The vinyl acetate- 
tetrachloroethylene* example gave a slightly negative value for r 2 when the . 
best straight line was first drawn through the experimental points. Since 
neither r can be negative, the line was redrawn to make r 2 == 0 and this 
resulted in the second pair of values for n and r 2 for this system reported in 
TaMe 1. 

As was to be expected, the values of n and r 2 determined by plotting the 
terms of equations (3) and (4) agree very well. Having the two equations 
is, however, an advantage, since sometimes one of the two |)lots gives a 
better straight line through the points. 

* The data for this system are relatively unsatisfactory. Only four experimental 
lK)ints were obtained, and, of these, two were for relatively high conversions, 30% and 
22 %. 
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Fig. 1. Plot of (F/f)(f — 1) V8. F^lJioT styrene (Mi) penta- 
chlorostyrene (Mi) <x»polymerization with least squares 
straight line. 


The data for the styrene-pentachlorostyrene system have been treated 
by the method of least squares. This resulted in values of 1.26 and 0.064 
for Ti and r 2 , respectively. Figure 1 shows the least squares straight line 
and the values of (F//)(/ — 1) vs, F^/f from the experimental data. 


TABLE I 

Comparison of r Values Determined by New Method with Those 
Reported in Literature 


System 


From plot of 
equation (3) 


Styrene (Mi)“peiitachloro- 

styrene {M 2 ) . 1.28 0 05 

Methyl methacrylate {Mi)- 
pentachlorostweiie (M 2 ) . 4.25 0.35 

Vinyl acetate (Mi)vinyl 

chloride (M 2 ). 0.29 1 85 

Vinylacetate (Mi)~tetrachlo- 
roethylene (M 2 ). 3 5 —0,17 

5-15 0.0 

Vinyl acetate (Mi)~/ra/w-di- 

chloroethylene (M 2 ). 0.86 0.0 

Ally! chloricfe (Mi) - vinyl ace¬ 
tate (Mj). 0.58 065 


From plot of 

equation (4 ) Reported Ref. 


n 

rz 

ri 

ra 

No. 

1 31 

0,09 

1.31 

0.10 

3 

4.17 

0.33 

4.0 

0.35 

3 

0.25 

1 81 

0.3 

2.1 

4 

3.55 

-0.22 

5.0 

0.0 

4 

Assume r 2 *= 0.0 




5.29 

0.0 




0.87 

0.015 

0.85 

0.0 

5 

0.66 

0.69 

0.67 

0.7 

4 
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Water in Phenol-Formaldehyde Condensates 

The paper by Bentz and Neville^ in the December issue of this Journal is 
a valuable contribution to our understanding of the mechanism of the 
phenol formaldehyde reaction. The determination of free water by the 
Karl Fischer reagent is especially illuminatory. However, I feel that the 
authors’ interpretation of “bound” water leaves something to be desired, 
since, in their discussion, they suggest it may be hydrogen bonded. It is 
hard to see why “free” water is not equally capable of forming hydrogen 
bonds. 

We feel that the “bound” water is indeed chemically combined as 
methylol and dibenzyl ether groups, and that the authors’ results can be 
interpreted in these terms. 



The authors have suggested that the power of adsorption is lost as pol¬ 
ymerization proceeds. We feel this loss of adsorption is dependent only on 
loss of hydrophilic groups. The adsorbent capacity of ion-exchange resins 
certainly indicates that high polymers are not inherently devoid of this 
property. 
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In the following calculations, we have assumed that the residue in the 
authors’ volatile determination contains only methylene groups and that no 
oxygen groups from formaldehyde remain in the residue. This appears to 
be the case, since the authors* figure of 59.3% volatile indicates an average 
segment weight of 114 as compared to 112 for an entirely cross-linked 
structure (I), this has been assumed throughout as the residue in the 
estimation of volatile matter. 

The values in Table IV have been recalculated on the basis of the dry 
resin. It has been assumed that formaldehyde constitutes the only vola¬ 
tile material besides water. The authors have noted that formic acid is 
also present. The extraction method values have been used as the volatile 
content. 


TABLE I 


Sample No. 
1 
2 

3 

4 


Per cent formaldehyde 


10.5 

9.6 
9.2 

6.7 


Per cent bound water 

14.3 
10.9 

10.3 
10.0 


It will be seen that the constancy of the value for bound water found by 
the authors disappears when the results are referred to the solid resin at 
various stages of drying. 

The amount of bound water, here measured by the amount of water 
evolved from CHoOH, and formaldehyde from CH 2 OCH 2 groups which 
would be evolved in polymerization to Formula I has been calculated with 
the following results. 


TABLE II 


OH 



Reaction 

I 



Per cent 
formaldehyde 


9.7 


10.3 


I 5.6 


Per cent 
bound water 


17.5 


12.4 


10.2 


Since the authors start with 2.8 moles of formaldehyde to one of phenol 
and condense in an alkaline solution, it is probable^ that dimethylol phencd 
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is the principal product formed. However, the “bound” water available is 
more than obtained from Sample 1, indicating the condensation had pro¬ 
ceeded beyond this point. Thus, the first sample of Table I mdiy be a 
mixture of the two materials. It is not clear how much of the formaldehyde 
was combined in the resin and how much was obtained by evaporation of 
unreacted formaldehyde. Walker* has shown that formaldehyde tends to 
concentrate on vacuum distillation. It should be noted that the vapor 
pressures above that of water are due to the presence of methanol in the 
formaldehyde. 

It will be noted that the content of formaldehyde and bound water de¬ 
creases as concentration of the resin solution proceeds. This is an indica¬ 
tion of further polymerization, and the last equation in Table II approaches 
the behavior of Sample 4. The formaldehyde value is somewhat less than 
found, but this value may be somewhat high since it includes free formalde¬ 
hyde, formic acid, and all volatile materials other than water. 

In conclusion, it is felt that the results are consistent with the assump¬ 
tion that “bound” water constitutes water other than that combined in the 
resin as methylol or dibenzyl ether groups. The heat stability of the latter 
groups is established^ and is apparently greater where there is limited oppor¬ 
tunity for formation of methylene bridges. The loss of water by formation 
of methylene linkages or dibenzyl ether groups, and the loss of the evolution 
of formaldeliyde from dibenzyl ether groups and of water from methylol 
groups is believ ed to be the source of the “bound” water observed. 
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Degradation of High Polymers 

In a recent letter^ Casassa gives an interesting derivation of the decrease 
of the number average molecular chain length with time. The calculation 
was carried out for a polymer of (infinitely) liigh molecular weight. It is 
interesting that the same expression as that found by Casassa is obtained 
for a homogeneous polymer sample of any finite molecular weight. The 
derivation is briefly as follows (different symbols are used here). 

The number of links present initially in the system may be po, the initial 
chain length of the homogeneous polymer Pq. Let the number of chains 
initially present in the sample be a, then: 
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a(Po - 1) = joo 

After s links have been broken on the average in each original chain, the 
following relationship is valid: 

po = p + os or s = (po - p)/a 

where p is the number of links in the system at time t. The number aver¬ 
age chain length is as always given by: 

Pn = Po/(s + 1) 


or: 


Pn/Po = a/(po - p + a) 


finally, 


p = a + Po - {aPo/P„) 


If the rate of breaking bonds is given by : 


then: 


—dp/dt = kp 


- p. -«)/<((- 1 (p. + «-^•) 
or: 

„-s D fc / j. 

-P„ aPo-^ = k(po + a- — j 
which yields finally: 


= k{Pl - Pn) ( 1 ) 

The integrated form of equation (1) is: 

|„ (l_i) (la) 

Equations (1) and (la) are valid for any type of degradation provided the 
rate of degradation is independent of chain length and location of the bond 
in the chain. Equation (1) is identical with Casassa’s results. 
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REVIEW 


The Adsorption of Gases on Solids (Cambridge Monographs on Phys¬ 
ics). A. R. Miller, Cambridge Univ. Press, Cambridge, 1949, 133 pp. 
Price $2.50. 

Ill 1939 the late J. K. Roberts published a Cambridge Physical Tract entitled “Some 
Problems in Adsorption,” in which he described both the eicperimental work he had 
done on the adsorption of gases on metals and the pertinent theoretical applications. 
The monograph by Miller is a revision and extension of Roberts’ tract and represents 
a valuable addition to the adsorption literature. Statistical and kinetic models are 
used in developing equations for many types of adsorption, such as that leading to 
immobile or mobile films, and adsorption with and without interaction or with and 
without dissociation. Equations are developed for the variation of the heat of ad¬ 
sorption with surface covered, for the influence of dipole interactions, etc. Mathe¬ 
matical treatments are rather condensed and are not readily followed without reference 
to original papers. However, for a good review of the theoretical work in the field of 
monofilms on metals, one could do no better than to turn to this book. 

It is rather astonishing that the book includes so few references to American authors, 
Langmuir excepted; thus the names of Brunauer, Emmett, Teller, Harkins, H. S. 
Taylor, Jura, McBain, etc. are not to be found. The subjects of multilayer adsorption 
and surface area determination are not treated in this highly specialized monograph. 

The author of this review recalls the interesting visit and conversation he had with 
the late Dr. Uolx^rts in the Cavendish Laboratory in'1933, and his admiration of the 
scientific energy and enthusiasm displayed by Dr. Roberts despite a serious disability 
suffered while fighting with the British forces in the first World War. It is good to see 
the work begun by him amplified and extended by so competent a scientist as A. R. 
Miller. 

Malcolm Dole 
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ERRATA 


Photochemistry of Proteins. VI. pH Dependence of 
Quantum Yield and Ultraviolet Absorption Spectrum of 
Chymotrypsin 

(J. Polymer SeL, 4, 573-582, 1949) 

by PAUL FINKELSTEIN and A. DOUGLAS McLAREN 
Institute of Polymer Research, Polytechnic Institute of Brooklyn, Brooklyn, New York 

On pages 577 and 578, interchange the graphs for Figures 2 and 3 (the 
legend describing the present Figure 2 belongs to the graph for Figure 3, 
and vice versa). 


Occurrence of Head-to-Head Arrangements of Structural 
Units in Polyvinyl Alcohol 

(J. Polymer ScL, 3, 880, 1948) 


by P, J. FLORY and F. S. LEUTNER 
Tlie Goodyear Tire & Rubber Co., Research Laboratory, Akron, Ohio 

We are indebted to Dr. A. M. Borders of the Institute of Paper Chem¬ 
istry for pointing out an error in our numerical calculations of moleculeu: 
weights from the intrinsic viscosities of degraded polyvinyl alcohols dis¬ 
cussed in the paper of the above title. The molecular weights given in 
the previous Table VI for the degraded polymers are about 6.5% too low. 
The correct values as calculated from equation (2) are recorded in the 
third column of the revised table on page 2M. Also included are the 
initial viscosity average molecular weights Mj (correct as previously 
given) and the values of A, the mole fraction of 1,2 units as calculated 
from Mv and My according to equation (6). 
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ERRATA 


Sample 

Initial 
mol. wt.. 

Mol. wt., Mv 
after degradation 

A X 100; 
mote % of 
l,2<^ly€)ol etruoture 

1 

165.000 

6900 

1.15 

2 

21,900 

5060 

1.26 

3 

25,600 

5010 

1.33 

4 

71,600 

5060 

1.52 

5 

70.500 

4860 

1.59 

6 

40,700 

4030 

1.86 


The A values are 5 to 10% lower than those previously given. The 
relationship between A and the polymerization temperature consequently 
is altered slightly to: 

log A = -1.00 - 283/r 
ill place of previous equation (8), or: 

A - 0.10 exp (-1300//?r) 


in place of (9). 



JOURNAL OF POLYMER SCIENCE 


VOL, V, NO. 3, PAGES 269-281 


Quantitative Investigation of X-Ray Diffraction by 
‘^Amorphous’’ Polymers and Some Other 
Noncrystalline Substances* 

P. H. HERMANS and A. WEIDINGER, Institute for Cellulose Research, 
AKU and Affiliated Companies, Utrecht, Netherlands 


INTRODUCTION 

In previous papers^ a method has been developed for the quantitative 
evaluation of monochromatic x-ray diffraction pictures of cellulose fibers, 
polythene, and a polyamide. This method involves the use of samples of 
randomized orientation, control of irradiated mass, and application of a 
technique indicated by J. M. Goppel for measurement of integrated primary 
beam intensity. 



Fig. 1. Radial intensity distribution of radiation diffracted 
by the ^^amorphous’* portion in cellulose fibers. Solid line: 
observed on plane film; broken line: corrected for spherical 
film. Hatched area corresponds to incM>herent radiation (on 
plane film). 

Crystallinity determinations have been attempted by separating the 
diffracted intensity (reduced to standard conditions of irradiated mass 
and total intensity) into the total intensity of the “crystalline peaks” and 
that of the “amorphous background.” The latter, after correction for air 
scattering and incoherent radiation, was associated with the noncrystalline, 
so called amorphous, portion. 

In cellulose fibers this background was found to yield between 2d 
=* 7-42°, a radial intensity distribution of the type reproduced in Figure 1. 
The curve gi\ en here is that found for an almost entirely amorphous cellu¬ 
lose powder. These curves have a flat maximum at about 2d « 16-18° 
and exhibit a marked intensity over the whole angular range included in the 
observation, 

♦ Communication No. 61 from the Institute for Cellulose Research of the AKU and 
Affiliated Companies, Utrecht. 
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The broken line in Figure 1 gives the curve which one would have obtained when using 
a spherical film. It is found by multiplying the ordinates of the observed curve by 
cos 2d. Since this correction does not essentially change the character of the curve 
and is irrelevant to the purpose of this paper, all other curves in this paper will be re¬ 
produced as those observed on the plane film. 

The curve exhibits only one very broad and flat maximum. In the 
generalized Fourier analysis, after Zachariasen and Warren, the empirical 
diffraction curve of a liquid is being considered as a modulated classical 
diffraction curve. From tlie modulation the partition function of atomic 
distances relative to an arbitrarily selected center can be derived (if the 
atomic numbers of the atoms considered are near to each other). 

Owing to the complicated structure of the cellulose molecule and its 
relative stiffness, the amorphous portion may be expected to exhibit such a 
multiple of different spacings that only very broad and flat maxima will 
occur. 

It seemed of interest to compare the intensity distribution attributed to 
noncrystalline cellulose with that given by' other noncrystalline sub¬ 
stances. This can now be readily done, since our present technique^** 
permits the reducing of all observations to directly comparable scale. 
This is achieved by using specimens with random orientation, reducing 
all observations to standard conditions of primary intensity and irradiated 
mass and applying reduction factors for atomic composition, computed as 
previously explained,^ in order to reduce the coherent as well as the inco¬ 
herent components of the diffracted radiation to a comparable scale. All 
curves appearing in this paper are thus standardized and refer to strictly 
monochromatized copper alpha radiation. 

The reduction procedure used may be briefly recapitulated here. Tiie intensity of 
coherent radiation observed on the photographs was divided by: 


100 / 


pd F 
0.122 Fc 


( 1 ) 


where / » the intensity of the comparison interference in the miniature camera after 
Goppel, pd the density of the sample times its irradiated thickness, F the reduction factor 
for the atomic composition of the substance in question for coherent radiation, and Fc 
the corresponding reduction factor for cellulose (chosen as the standard substance); 
0.122 is the standard value of pd (which is equal to the value accepted in previous work 
on cellulose).^ The value of pd was calculated from a separate absorption measurement 
made on the same specimen and using the formula: 


/ */oexp (Mmprf) (2) 

wher^ Mm is the mass absorption coefficient. 

The intensity of incoherent radiation was reduced using the same formula (1) after 
substitutii^ F and Fc by / and fc, the reduction factors calculated for incoherent radia¬ 
tion.^ It should be remarked that all the curves reproduced in this paper are not cor¬ 
rected for scattering due to the air in the camera. Since this is only a small correction of 
almost equal amount for the different curves, it does not interfere with their compara¬ 
bility. It does not give rise to errors in the total integrated intensities appearing in 
Table I, which arc corrected for air scattering. 
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TABLE I 

Standardized Iotegrated Intensities of Coherent Radiation Im. 
Diffracted between 2^ « 7 and 42® (in Arbitrary Units) 


Spedmeo 

^loi. 

Specfanen 


Cellulose and derivaiives 


Didiloromethane. 

3.7 

Native ramie. 

3.5 

Water. 

3.6 

Valonia cell wall. 

Wood pulp. 

3.6 

3.8 

Polymers 


Fiber G (du Pont). 

3.6 

Polythene 18® (solid). 

3.6 

Cellulose (1.14) acetate. 

3.7 

Polythene 90® (solid). 

3.5 

Cellulose (1.2) methyl ether. 

3.8 

Polythene 135 ® (molten). 

3.6 

Other earbohydrales 


Cr8pe rubber 18®. 

Cr8pe rubber 50®. 

3.6 

3.6 

Sucrose-glucose glass. 

3.7 

Polystyrene. 

3.5 

Sugar, very finely ground. 

3.7 

Polyvinyl acetate. 

3.7 

Soluble starch. 

3.7 

Polymethyl methacrylate. 

3.8 

Various substances 


Polyvinyl butyral. 

Bakelite resin. 

3.6 

3.6 

Carbon black (Brownly). 

3 6 

Polyhexameth^ene sebacamide.. 

3.8 

Benzene soot. 

3 6 

Polyamide copolymer. 

3.6 

Spectrographite. 

3.5 

Polyvinyl chloride. 

3.6 

Paraffin 20® (solid). 

3 5 

Polyvinylidene chloride. 

3.6 

Paraffin 65 ® (molten). 

3.6 

Rubber hydrochloride. 

3.7 

Cetyl alcohol (molten). 

3.7 

Chlorinated polythene. 

3.6 

Carbon tetrachloride. 

3.6 

Lignin from jute. 

3.6 


CONSTANCY OF TOTAL DIFFRACTED RADIATION WITHIN 
THE ANGULAR RANGE OBSERVED 

According to theory, the total radiation diffracted over all angles, if 
reduced according to the foregoing principles, should be equal for any 
substance. 

We have found from numerous experiments with polymers and organic 
substances that also the integrated intensity within the restricted range 
between 2t? = 7 and 42® is practically equal for all substances investigated. 
This is demonstrated in Table I where the integrated intensities of coherent 
radiation found for a number of substances are listed. Since the experi¬ 
mental error is about ±5%, it is seen that the majority of the figures is 
constant within that liipit. This is a material aid to our study. It means 
that the total surface under the standardized intensity curves is practically 
constant in ail instances. 

This indicates that even in the cryptocrystalline substances studied the degree of 
ordering giving rise to a modulation of the classiced atomic diffraction curve is never very 
pronounced. In well crystalliased substances large deviations may, of course, occur, 
since not all the diffraction lines will fall within this restricted angular range. As an 
extreme example we quote an experiment with a platelet cut from a diamond which gave 
no interferences at all in this range and where only incoherent radiation was observed.^ 
On the other hand, a well crystallized graphite sample (spectrographite in Table I) 
fitted the general rule, indicating that the majority of its interferences fell within the 
relevant range. 
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The intensity distribution of the approximately constant amount of dif¬ 
fracted radiation over the angular range studied is, of course, different from 
substance to substance and depends upon its structure. Though, gener¬ 
ally, an exact analysis of this dependence on a theoretical basis is, admit¬ 
tedly, extremely difficult in the case of noncrystalline substances, we have 
deemed it worth while to (collect and compare experimental data for a 
number of representative cases. This subject has thus far been almost 
entirely neglected and was never approached on the basis of quantitative 
intensity measurements. In this paper such an approach is attempted. 

ANGULAR RANGE INVESTIGATED 

Some of the curves reproduced below were taken between 2d == 4-42® 
and others between 2d == 7-42®. Small angle scattering effects correspond¬ 
ing to structural elements within the colloidal dimensions do not enter the 
picture. On the abscissa of all intensity distribution curves reproduced the 
diffraction angle 2d as well as a scale in angstrom units is indicated. The 
latter corresponds to the value of d in the equation: d = x/{4>v sin d/X) 
calculated for the first maximum occurring in (sin x) /x and thus represents 
the locus of the first diffraction maximum that would oc(‘-ur in a gas con¬ 
sisting of diatomic molecules having an interatomic distance d. It will be 
allowed in first approximation to discuss the observed intensity distribu¬ 
tions in terms of d as being the approximate inter-particle distances giving 
rise mainly to the observed intensity at the relevant locus. (The authors 
are aware of the fact that this is no more than a very rough procedure.) 

LIQUID POLYTHENE AND MOLTEN PARAFFIN 

In Figure 2 we reproduce the intensity distribution curves exhibited by 
a molten paraffin (m.p. 60®) taken at 65® and by molten polythene taken 
at 135®.* The molten paraffin curve is typical for low molecular liquids. 



Fig. 2. Solid curve, liquid paraffin (at 65**); dotted curve, 
molten polythene (at 130^). The hatched areas csorrespond 
to incoherent radiation. 


* These curves are reproduced from a previous paper.* 
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It has a broad maximum at d ^ 5.8 A. and a relative low intensity toward 
smaller and larger angles of diffraction. The pronounced maximum is 
indicative of the considerable amount of low distance order known to 
occur in liquids and which (for sufficiently small regions) is akin to the 
long range order present in the crystalline state. From this point of view 
ordinary liquids should hardly be designated as being “amorphous’’ in the 
sense of “completely disordered.’’ 

The liquid high molecular paraffin (polythene) shows a similar maximum 
at about the same locus. It is, however, less intense in that more radiation 
is diffracted at angles lower than that of the maximum (2?^ < 10®). At 
higher angles beyond = 30® the paraffin and polythene curves prac¬ 
tically coincide. This is clear since the d values of 4 A. and lower will 
mainly correspond to intramolecular periods which will be similar in both 
substances. 

The higher intensity at lower angles in polythene may possible be due 
<M*ther to “low angle” diffraction effects corresponding to the structure factor 
of the cross section of the chains, or to frequently occurring intermolecular 
distances larger than 10 A. owing to the stiffness of the long chains which 
prevents them from fitting so well against each other as the molecules in 
liquid low molecular paraffin. 

It would be of iiii[)ortance to investigate whether liquid polythene exhibits any scat¬ 
tering at very small angles, which is known to be absent in ordinary low molecular 
liquids, and also to measure its density as compared to low molecultu* paraffins at equal 
temperature. (The author is indebted to Prof. O. Kratky for a discussion on this sub¬ 
ject.) 

In prev ious work^ it has been shown that the scattering within the range 
of d 10 to 16 A., though continuously diminishing in intensity upon 
cooling and solidification of the polythene, persists also at room tempera¬ 
ture, with about half the intensity of that exhibited by the molten polymer. 
It is probably proportional to the amount of the noncrystalline fraction in 
the polymer of which it is then to be regarded as an attribute. 

In Figure 2 the contribution of coherent radiation to the background is 
indi(^ated by the hatched area. It is seen that beyond the “liquid band,” 
coherent radiation soon drops to negligible values and all the radiation 
diffracted at angles larger than 30® consists of the incoherent component. 
Comparing this with Figure 1 we see that the situation is quite different in 
amorphous cellulose in that a considerable amount of coherent radiation is 
diffracted beyond 2t^ == 30®. We shall return to this point later. 

NONCRYSTALLINE POLYMERS 

In Figure 3 are collected the intensity distribution curves in some poly¬ 
mers reputed to be amorphous in nature. In Figure 3A, giving some 
vinyl polymers, it ‘is seen that polystyrene, polyvinyl acetate, and poly¬ 
methyl methacrylate yield two diffraction maxima having some similarity 
to “liquid bands.” The maxima indicate that some spacings occur with a 
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particular high frequency. There are more signs of a residual ordering in 
these polymers than in amorphous cellulose powder (cf. Fig. 3C). At 
higher angles of difiFraction (beyond 30®) there is some more coherent 
scattering in the vinyl polymers than in either molten or solid polytiiene, 
and this is most pronounced in the methacrylate (which even has a second 
maximum at about 3.9 A.). 

In Figure 3B isotropic Hevea smoked sheet heated to 50® (in order to 
melt the crystallites), polyvinyl butyral and a phenolformaldehyde resin 
are shown. It is striking that even in the Bakelite resin the character of 



Fig. 3. Various polymers. In C the cun^c of amorphous 
cellulose from Figure 1 is repeated for comparison. Hatched 
area: incoherent radiation. Curve (1): polymethyl meth¬ 
acrylate. 

the curve is still akin to that of a liquid substance. (The incoherent back¬ 
ground in Figure 3B is drawn for rubber. For Bakelite the ordinates of 
this curve should be multiplied by 0.86.) One would have expected a higher 
degree of disorder. 

In Figure 3C the curve obtained with lignin isolated from jute fiber is 
shown together with the amorphous cellulose curve from Figure 1. The 
ligmn curve is almost as flat as the cellulose curve, indicating a very high 
degree of disorder. The extremely low degree of order in the amorphous 
portion of cellulose fibers as compared to that in other “amorphous” poly¬ 
mers may perhaps be associated with the stiffness of the cellulose chain and 
its complicated structure. 
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AM(»lPHOUS CARBOHYDRATES 

In Figure 4A the curves of a commercial “soluble starch” and of glassy 
sugar are diown. (This preparation was obtained by melting together 
equal parts of glucose and cane sugar and rapidly cooling tiie melt. A plate 
was cut from the solidified melt and used for the x-ray experiment.) 



iindercooled mixture of glucose and sucrose. Hatched area: 
incoherent scattering. (B) Single crystal of cane sugar. 



,.i .... g,,.. I 

/O^ 20* 








Fig. 5. Solid curve, sugar powdered by hand; broken curve, 
sugar powdered for 12 hours in the vibrating ball mill. 


Apart from the fact that the sugar curve reveals a beginning recrystalliza¬ 
tion of the sugar, it is clearly demonstrated that the general character of the 
curves is akin to that given by amorphous cellulose. The considerable 
amount of coherent scattering at high diffraction angles is also present in 
these cases. Uj 

For comparison, *the curve obtained from a single crystal of cane sugar is 
reproduced in Figure 4B. The entire coherent radiation consists of ays- 
talline peaks. (Since the substance might be considered as being 100% 
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crystalline, it was assumed that the remaining background consists of 
incoherent radiation only. As a matter of fact, this background was used 
as a standard for the cranputation of the incdierent component in the other 
substances. More exactly, the sugar background also contains a com¬ 
ponent of scattering due to thermal vibrations. It has been assumed that 
this component is of the same order for the other substances investigated.) 

We have also examined order in cane sugar crystals to determine the 
extent to which their order can be disturbed by mechanical disintegration. 



Fig. 6. Curve 1 : a water-soluble cellulose acetate (1.14 acetyl 
groups per Ce); curve 2t amorphous cellulose; curve 5: 
water-soluble methyl cellulose (1.2 CHgO per Ce); curve 4i 
cellulose acetate rayon. 


To that end, we have subjected sugar suspended in dry carbon tetrachloride 
to the action of the vibrating ball mill.* In order to have a measure of the 
degree of dispersion reached, we have determined the heat of solution in 
water of the powder obtained. In a series of experiments under varied 
conditions the highest value reached was +11.0 cal./g. against —3.2 cal./g. 
for ordinary sugar crystals. 

In Figure 5 the diffraction curve of sugar powdered by hand in a mortar 
and that of the optimal product from the vibrating ball mill are reproduced. 
(Compared to the other illustrations in this paper these curves are repro¬ 
duced on a larger scale.) Though the numerous lines exhibited by the 
ordinary sugar powder have merged into three broader lines, the spectrum 
is still characteristic for a cryptocrystalline substance. The lines are of the 
same character as those met with in crystalline polymers like cellulose. 

* In this mill the crystallinity of dry cellulose libers can be almost completely de¬ 
stroyed; cf. P. H. Hermans and A. Weidinger, J, Am. Chem. Soe., 68, 2547 (1946). 
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NONCRYSTALLINE CELLULOSE DERIVATIVES 

Some partially substituted cellulose esters and ethers are known to exist 
which are water soluble and exhibit no distinctly crystalline x-ray diagrams. 
The degree of substitution of such derivatives is about 1 per C6. The 
water solubility is usually explained as being due to the irregular structure 
of the chains with the substituent not quite uniformly distributed over the 
2.3 and 6 positions (or even along the chain). Hydrogen bonding between 
adjacent chains is thus sterically hindered, while the numerous remaining 
free OH groups arc responsible for water solubility. 

Figure 6A, curve 1, gives the intensity distribution curve of a water- 
soluble acetate with 1.14 acetyl groups per Ce.* For comparison the amor¬ 
phous cellulose is repeated in curve 2. In Figure 6B, curve 3 refers to a 
water-soluble methyl cellulose (1.2 CH 3 O per Ce), a commercial I.G. 
Farbenindustrie product, and curve 4 to an ordinary acetate rayon (degree 
of substitution about 2.5). The acetates exhibit only very diffuse maxima. 
The degree of order in these substances is but slightly better than that in 
amorphous cellulose powder. The methyl cellulose exhibits more pro¬ 
nounced, though still very diffuse, maxima. 

It is secMi that coherent scattering at high angles is still very pronounced 
in the water-soluble cellulose derivatives but markedly smaller in the 
ac'etale rayon. 

DISCUSSION 

According to the previous experimental data the occurrence of a diffuse 
coherent bat'kground of (considerable intensity beyond diffraction angles 
of 35° is inherent to the carbohydrates in their noncrystalline state. It 
corresponds to interatomic interferences of atoms located at distances from 
each other of about 3.5 A. and less. Since the scattering power of oxygen 
is about 2.5 times higher than that of carbon, it seems likely that (mainly at 
least) interfereiK’cs between oxygen atoms are involved. 

The smallest intermolecular oxygen-to-oxygen distance occurring in the 
carbohydrates considered is that between the ring oxygen and the bridge 
oxygen, amounting to about 2 A. The O—0 distances of the hydroxyls 
attached to the six-membered pyranose ring (which may also assume the 
flexible “tub-form”®) ranges from about 3.5 A., for adjacent transhydroxyls 
in their position of closest proximity, and upward for all other pairs. Fur¬ 
thermore, intra- and intermolecular hydrogen-bonded oxygens may occur,* 
corresponding to a 0—0 distance of about 2,7 A. 

It does not seem likely that the 2 A. pairs from the configuration —0— 
C—0— play a significant part in relation to the background region under 
discussion, since polyvinyl butryral (C 6 H 10 O 2 ) which contains the same 
configuration in even higher concentration does not show any background 
in that region (see Fig. 3B). Neither do polyvinyl acetate and polymethyl¬ 
methacrylate, which also have oxygen pairs at close proximity within the 

* The samples were obtained by courtesy of Dr, P. Clement, Paris, 
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molecule (Fig. 3A). The relevant spacings of about 2 A. fall beyond the 
investigated region. 

It would seem, therefore, that the background under consideration is 
particularly associated with oxygen-to-oxygen distances in the order of 
2.5-3,5 A. As such we may consider: (a) intramolecular hydrogen bonds 
(2.7 A.) (see ref. 1); (6) intermolecular hydrogen bonds (2.7 A.); (c) 
probably also other intermolecular 0—0 distances which may then range 
from 2.7 A. and upward. In ordinary cellulose acetate (Fig. 6B), where 2.5 
of the 3 hydroxyl groups are shielded by substitution, the background at 
high angles is relatively low (amounting to roughly 20% of that present in 
amorphous cellulose powder). In the low substituted water-soluble cellu¬ 
lose derivatives (Fig. 6) it is considerably higher, suggesting that it is 
associated with intermolecular interaction of hydroxyl oxygen atoms. 

Regardless of the relative contributions of the cases a, 6, and c, it seems 
likely that true hydrogen bonding would materially contribute to scattering 
in the angular range considered. 

If this view is correct, other polymers capable of hydrogen bond forma¬ 
tion sliould also exhibit a background of tliis type whose intensity should 
stand in close relation to their noncrystalline fraction. Further work is 
necessary to investigate whether this rule is of general applicability, but 
we shall see in the next section that polyamides also do exhibit a similar 
background at high angles. 

It should also be recalled that native cellulose fibers which contain half as 
much disordered substance as regenerated cellulose fibers also show a back¬ 
ground at high angles of about half the intensity. 

The interatomic spacings of the hydrogen atoms of adjacent molecules 
in solid polynieirs will, in part, also lie within the range under consideration. 
The scattered intensity by interferences between hydrogen atoms is, how¬ 
ever, too small to be observable. However, if the hydrogens are sub¬ 
stituted by lieavier atoms, as for instance by chlorine, the picture will, of 
course, change and a background within the range considered due to inter¬ 
molecular Cl—Cl spacings can again be expected. Tliis is corroborated by 
experiments on chlorinated polymers (see later). Carbon tetrachloride 
and dichloromethane also exhibit a high background in this region (see 
later). 

Detection of hydrogen bonding by background analysis will, tlierefore, 
not be possible in halogenated polymers. Further work would be necessary 
to know whether or not polymers very rich in oxygen but not capable of 
hydrogen bonding (if existent) will also show a background in the relevant 
regicai. 

In conformity with the foregoing, water also exhibits considerable inten¬ 
sity at high angles (see later). 

POLYHEXAMETHYLENE SEBACAMIDE 

In a previous paper* different samples of this polymer with crystallinity 
ranging between about 50 and 70% have been described. 
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The observed intensity distribution curves beyond 2«> 30“ of these 

samples are pveninFig. 7. (For the sake of clarity, thisfigure is drawn on 
an enlarged scale as compared to ^e other figures in fihis paper.) It is 
seen that all samples exhibit a detectable background intensity that runs 
antiparallel to the percentage of crystallinity. For comparison the eunor- 
phous cellulose curve has again been added. (See Discussion Section.) 



Fig. 7. Intensity distribution curves of hexamethylenesebaea- 
mide polymers of different crystallinity for diffraction angles 
beyond 30°. The cellulose background is given for comparison. 

CHLORINATED POLYMERS 

In Figure 8 the intensity distribution curves of polyvinylidene chloride 
(73% Cl), polyvinyl chloride (58.8% Cl) and of a chlorinated polythene 



Fig. 8. Polymers containing chlorine compared with amor¬ 
phous cellulose. 


(40% Cl) are given. For comparison the amorphous cellulose curve has 
been added. It is seen that all the curves exhibit a significant badiground 
at higb angles whose intensity increases with the chlorine content of the 
polymer. In polyvinylidene chloride this background almost reaches 
level of that in amorphous cellulose. 

A discussion of these facts is given earlier. 

CCI4 AND CHsCls 

If our interpretation of the background at high angles in chltHrinated 
polymers bolds good, then liquid carbon tetrachloride and dichlorcnnethane 
should also exhibit high intensity in the region under consideration. 

The intramolecular Cl—Cl spacings range from 2.99 to 3.2 A. in these 
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substances^ and the intermolecular spacings between the chlorine atoms 
will be slightly higher and in same order as in the chlorinated polymers. 
The standardized intensity curves of these liquids are given in Figure 9 



and show that this is true. The liquids were exposed in a specially con¬ 
structed cuvette with very thin mica windows. The scattering due to the 
mica was determined separately and subtracted. 

WATER 

Finally, Figure 10 shows the diagram of water. In this substance the 
scattered intensity must be almost entirely due to interferences between 



oxygen atoms. It is seen that a considerable portion of the intensity is 
found in the high angle region considered. This is in conformity with the 
fact that water is a substance known to have abundant hydrogen bonding. 

The authors are indebted to Professor H. Mark, Brooklyn, N. Y., to Dr. C. S. Fuller, 
Murray Hill, N. J., and to Dr. A. J. Stavernrian, Delft, for several polymer samples. 
The x-ray work was carried out by one of us (W.) in the Physical Institute of the Tech¬ 
nical University, Delft. 
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English Synopsis, see Summaries, page SS, Vol. V, 1950. 

R^ume 

Les courbes de distribution de I'intensit^ radiale, obtenues par exposition aux rayons- 
X monochrotnatiques de diff6rents polym^res non-cristallis6s et partiellement cristallis^, 
sont quantitativement 6valu68, apr^s correction pour une radiation incoh6rente, et 
r6duite k des conditions standards d’intensit^ et de masse irradi^e. On montre quelques 
courbes de distribution d’intensit6, ainsi r^duites, rnontrant une intensity int^^ 
constante dans les liinites de Terreur exp^rimentale, sans tenir corapte de la composition 
atomique du polyrn^re. La cellulose amorphe manifcste de loin le degr6 le plus ^lev6 
de d4sordre de tons les polym^res examine. On sugg^re, que, dans les polym^res ne 
contenant que du C, H, 0, et N, la presence d*un arri^re-fond intense et coherent dans 
les limites d'angles de diffraction de 35^ 4 au delli constitue une indication des liaisons- 
hydrog^ne dans les parties non-cristallines. L’arrifere-fond coherent dans cette rlgion 
est d'iiitensite nulle pour les polym^res, qui ne contiennent pas de liaisons-hydrogSne 
L’eau, substance riche en liaisons-hydrog^ne, montre une intensity considerable de la 
region relevee. Dans les polymeres contenant de Thalogene, la detection de liaisons- 
hydrogene par cette methode est impossible, due aux interferences intermoieculaires 
entre les atonies d'halogene des molecules adjacentes, qui causent une augmentation de 
rintensite d’arriere-fond dans la m8me region angulaire. 

Zusammenfassung 

Verteilungskurven der radialen Intensitat von isotropisch monochromatischen Ront- 
genaufnahmen von verschiedenen nicht-kristallinen und teilweise kristallinen Poly- 
ineren werden quantitativ bestimrnt, fur inkoharente Strahlung korrigiert und auf 
Standard-Bedingungcn der Intensitat und der bestrahlten Masse reduziert. Es wird 
gezeigt, dass die so reduzierten Intensitats-Verteilungskurven tatsachlich eine konstante 
inte^frierte Intensitat innerhalb der experimentellen Fehlergrenzen aufweisen, unab- 
hiingig von der atomaren Zusanmiensetztung des Polymers. £s wird angegeben, dass 
amorphe Cellulose bei weitem den hochsten Unordmingsgrad von alien untersuchten 
Polymeren zeigt. Es wird vorgeschlagen, dass in Polymeren, die aus keinen anderen 
Eleinenten als C, H, 0, und N. bestehen, das Auftreten von eiiier koharenten Hinter- 
grundsintensitdt im Beriech von Beugungswinkeln von 35® und aufwartz bezeichnend 
fur Wasserstoffbindungen im nicht kristallinen Teil ist. Der koViarente Hintergrund hat 
in diesen Bereichen eine Intensitat Null in Polymeren, wo keine Wasserstoffbindungen 
mdglich sind. Wasser, eine Substanz, die reich an Wasserstoffbindungen ist, zeigt eine 
erhebliche Intensitat im entsprechenden Bereich. In Halogen-haltigen Polymeren ist 
die Bestimmung von Wasserstoffbindungen auf diesem Wege unmoglich, da intermolek* 
ulare Interferenzen zwischen Halogenatomen von angrenzenden Molekiilen bestehen, 
die eine Hintergrundsintensitat in den gleichen Winkelbereichen entwickeln. 

Received April 7, 1949 
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Behavior of Polyvalent Polymeric Ions in Solution 


A. KATCHALSKY,* 0. KONZLE, aiid W. KUHN, UniversUy of Batd, 

Switzerland 


Polymeric molecules that carry a large number of ionizable groups exhibit 
interesting phenomena in aqueous solution that are not encountered in the 
solutions of polymeric substances in organic solvents. These phenomena 
may be attributed to the iiifluence of the ionized groups on the shape of 
the molecules. The aim of the present paper is to deduce some of the 
properties of the solutions of polyvalent polymeric ions from a statistical 
consideration of the shape of the molecules under the influence of the elec¬ 
trostatic field due to the ionized groups.^ 

It is plausible to assume that, when a threadlike, coiled polymeric 
molecule is ionized, repulsive forces between the ionized groups become 
operative. Thus, for instance, if we add some alkali to a solution of 
polymethacrylic acid: 


CH, CH, 

—CHj—(In—CHj—dl— 

ioOH <l:OOH 


part of the carboxylic groups are ionized and the carboxylate ions repel 
each other electrostatically. Under the influence of the repulsive forces 
the coiled molecule opens and extends. With increase in the degree of 
ionization the repulsion overcomes the coiling tendency of the Brownian 
movement and finally the molecule is stretched to its full length. Thus, 
during the process of ionization or neutralization of the carboxylic groups, 
the molecule acquires all forms from a nearly spherical, highly coiled shape 
to an extended filament. 

As is well known, many of the properties of polymer solutions (viscosity, 
streaming birefringence, and depolarization of scattered light) are largely 
determined by the shape of the solute molecules. In the case of the poly¬ 
meric polyvalent ions we are able to change molecular shape—and subse¬ 
quently viscosity, double refraction of flow, depolarization of scattered 
light, etc.—^without correspondingly changing the molecular weight of the 
solute or the nature of the solvent. Therefore, these substances present 
a very remarkable case for the statistical investigation of polymers in 
general. 

This paper deals only with very dilute solutions, for which we may safely 
Present address: Chaim Weizmaxia Institute of Science, Rehovot, Israel. 
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assume that the free “opposite” ions, as, for instance, the alkali ions in the 
case of polymeric acids, are suflBciently far removed from the ionized groups 
of the polymer so that the simple picture of repulsion between charges of 
the same sign is not distorted., 

I. SIMPLE PICTURE (FIRST APPROXIMATION) 

In order to get an approximate idea of the magnitude of the forces oper¬ 
ative in the ionized molecules, let us assume that the charges are concen¬ 
trated around the molecular ends and let us neglect, for the time being, the 
charges distributed in the central portions of the molecule. As will be 
shown in section III, there exists a tendency for the charged groups to 
concentrate in the ends and to leave the mid-portions of the molecule at a 
lower degree of ionization, so that this first approximation is not entirely 
unjustifiable. 

Let the distance between the molecular ends be h, the number of 
ionized groups p, each group of charge €. The dielectric constant of the 
solvent is designated by Z). It is assumed that the dielectric constant in 
the molecule is practically equal to that of the solvent. With these designa¬ 
tions the energy of electric repulsion will be given by: 

E = (uV)/(4Dh) (1) 

Kuhn and Griin have shown^ that the probability W(h) dh of finding a 
molecule with its ends lying in the interval h,h + dh will, in the case that 
the energy E of the system depends on A, be given by: 

W{h) dh = const X exp {(-3h^/2NA^) - {E/kT)}h^ dh (2) 

where N is the number of statistical elements and A is the length of a sta¬ 
tistical element. 

Molecules of degree of polymerization Z can l)e divided for statistical reasons in a 
nonarbitrary way into “preferential statistical elements” each element showing statis¬ 
tical freedom of motion. If the number of monomeric units in a statistical element is 
equal to 8 and if the length of a monomeric unit, measured in the direction of the molecu¬ 
lar chain, is 6, the length of the preferential statistical chain element will be A — sb and 
N « Z/s. The total hydrodynamic length of the chain is L - Zb ^ NA. 

Introducing the value of the energy E into equation (2) we obtain: 

WQi) dh = const X exp{(-3*72- {vh^/ADkTh)}h* dh (3) 

Equation (3) permits the evaluation of the mean square distance be¬ 
tween the ends of a polyvalent polymeric ion carrying v ionized groups 
according to the expression: 

- fr h^wjh) dh 
W{h) dh 

and to compare this value with *io, i.e., with the mean square Hii, tan ce 
between the ends of an uncharged molecule. 
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We can also deduce easily the most probable value of h (which we may 
designate by h,) by differentiating W(h) and equating the differential to 
zero. This leads to the formula: 


h 


i 


WKkT 3 ^3 


(4) 


For very low values of v, formula (4) reduces to the expression for the 
most probable value of an uncharged molecule: 

ft? — ^/zNA^ = ^/aftio (for low values of v) (5) 

For high values of v, the second term in equation (4) may be neglected, 
and we obtain: 


hi = 


UDkT 


NA> or h. - (j^) 


Vi 


(for high values of v) (6) 


The last expression gives an idea of the rate of increase of the molecular 
end-to-end distancie with the degree of ionization and with the degree of 
polymerization. 

Equation (6) can also be interpreted in another physical way: let us 
transcribe the equation as follows: 


ADK 


ZkT 


NA^ 


( 7 ) 


The left-hand side of the equation is the negative value of the electro¬ 
static repulsive force acting in the direction of ft: 


dft ADhl 


The right-hand side in (7) is the well-known expression (Kolloid Z., 76, 
258, 1936; Exper., 1,6, 1945) for the elastic retractive force, i.e., the force 
that should be applied to the ends of a polymeric molecule in order to keep* 
it at a distance h^ against the coiling tendency of the Brownian movement. 
Equation (7) thus demonstrates that the molecule will be extended by 
electrostatic repulsive forces until an equilibrium is attained between the 
electrical forces and the statistical restoring force, which are supposed to 
act at the molecular ends. 

This result is not surprising when we remember that at the start of this 
approximation we assumed the electrical charges to act at the molecular 
ends. The result will be somewhat different if we take into account the 
charges distributed along the median parts of the molecule. These charges 
act at smaller distances apart and may be expected to contribute largely to 
the energy content of the molecule. A more detailed picture of the inter¬ 
action between the charges situated on any part of the molecule will be 
given in section 11. 
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It might be remarked that the use of equation (2) is justified in practice 
as long as ^ is smaller than a third of the. length of the fully stretched 
molecule, i.c., as long as h, < NA/i. For more fully stretched molecules, 
another formula* should be applied: 

W{h) dh = const X exp AT j^ln ^ + /38(d) j — h* dh (8) 

where 8 is the Langevin function; and 8(d) = h/NA; d "■ S*(h/NA): 
8* being the inverse Langevin function; thus: 


m 



+ ... 


II. SECOND APPROXIMATION TO THE DETERMINATION OF 
THE ELECTROSTATIC ENERGY AS A FUNCTION OF h* 

We now assume, contrary to our previous assumption, that the charge 
is evenly dislribukd over the whole length of the molecular chain. This distri¬ 
bution is assumed such that equal portions of the charge are situated at the 
junctions of consecutive statistical elements and at the ends of the mole¬ 
cule, i.e., at -f 1 points; each charged point therefore carries: 

n - v/(N -1- 1) (9) 

charges. 

The contribution of two charges situated, respectively, at the ends of the 
i-th and i -f k-th elements to the total potential energy will be: 

'‘M+* = (AT + i)*z> 

where (l/r,,,+jt) denotes the mean reciprocal distance between the points 
in question. If the values of all the (l/r,,,+t)’8 can be given explicitly, 
an integration over all will give the total energy, E, due to electro¬ 

static repulsion. 

IIA. Distribution Function for the Distance between Two Statis¬ 
tical Chain Elements 

From a consideration of the angle distribution of the statistical elements 
in a polymeric molecule whose ends are kept at a distance h it may 
be deduced* that the distance between the ends of two segments, k units 
apart,* is independent of the position of the segments in the molecule and 
is determined solely by the value of h and by the number of intervening elemerUs 
k. Thus the distance between the i-th and i + k-th segments is. equal to 
the distance between the end of the chain and the k-th segment, or r,,<+* = 
Tu,*. Hence, a calculation of the values of the distribution function iF(ro,*) 
alro gives the distribution function for any other distance in the mole¬ 
cule. 
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Let us put a molecule of end-to-end distance A in a co-ordinate system so 
that one end falls into the origin of the system and h coincides with the 2 
axis (Fig. 1). 



The probability that the A-th element is to be found in the volume ele¬ 
ment defined by *, a: -|- <£r; y, y + dy; and z,z + dz is evidently given by 
the product of two probabilities: 

(f) That the end of the thread of k elements, starting at the origin of 
coordinates, is found in the volume element dx dy dz, that is 

IFi dxdydz = **** [-3r?^/2A/l*] dx dy dz (11) 

(2) That the end of the chain o{ N — k elements, starting at the other 
end of the molecule, is found in the same volume element, that is, 

W,dxdydz-^ 12(A^ -k)A^\ dxdydz (12) 

r,jc being the distance between 2 = A and the volume element under con¬ 
sideration. The probability IF* of finding the A-th element in the volume 
dx dy dz is thus given by: 

m - CWiWt (13) 

The proportionality constant C is given by the condition: 

Jo^ Wtdxdydz 1 (14) 

Integrating and introducing the value of C into equation (13), we ob¬ 
tain: 
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W - ( Y i- 3 

i.+dx \2rA^kiN-k)/ 2A*k(N-k) 

x,y-hdy 

[iV(a:* + + z^) - 2khz + (15) 


Equation (15) may be readily transformed into a corresponding equation 
in polar coordinates. Introducing a:^ + 

X = To,* sin cos y = ro,* sin t? sin ^ z = ro,* cos 


where ^ is the angle between ro.jfc and the z axis, and (p the angle between the 
projection of ro,* on the j,y plane and the x axis, we obtain: 


W, 

^Q,k, »'0.t+ ^^Q,k 




3Af 


\2irA-^k{N - k) 




( 3 Nrl ic — 2hro.n cos ( 

i~ 2 A^kiN - k) / i 


3 h^k Is.. 
2NA^{N - 


(16) 


As we are not interested in the angle distribution but only in the prob¬ 
ability of finding the ^-th element at a distance ro,* to ro,* + dro,* we inte¬ 
grate equation (16) over all ^’s from 0 to 2ir and all tJ^’s from 0 to tt to ob¬ 
tain: 


W(ro,k)dro, 


= r__A_r 

'■* L2Tyl^(,V - Jfe)j \k/ h 

('••■* - f)) 

■{- 


exp • 


3N 


('■•■* + f) }j 


2A^k(N - k) 

The distribution function (17) leads to the mean value of rly. 


dro.t (17) 




2 N — k 


( 18 ) 


It inay be remarked that for k«.N, i.e., near the origin of the molecule: 


r5,t = kA* 

Thus the probability of finding the Is-th element at a distance ro.» is for 
very small values of k independent of N and h and depends on k alone. 

On the other hand, for * » iV we get r,,* =» A as might be expected. 
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IIB. Mean Value of the Reciprocal Distance 

Equation (17) permits the evaluation of the mean reciprocal distance 


(1/ro.*) which is needed for the final calculation of the energy: 

fr (l/ro.,)lV(r,.t) dr,.. 




fr lV(ro.t) dro.» 
This equation leads^ to the expression: 


(JL\ ^ \ 

UJ N -k) 


where denotes the error integral: 

<^(x) = (2/\4r) fo^e-^*dw 

A short discusssion of equation (20) follows. For k — N: 

<l>{\^) = = 1 


(19) 


( 20 ) 


(l/ro,*) = l//i as should be expected. Even for small values of k, when 
statistics do not rigidly hold, equation (20) yields good approximate values. 
For very small values of x we have: 

2 

4>(X) = -p: X 

V ’T 

hence for small values of k, or very small values of k/N: 


/ k 



k 

h 

hNA^ N - k 


^2NA^ 

N " 

' NA ^7 


or: 


{±\ ^ ^ L38 

UJ ^ kh NA^tt ^ AVk 

for the case fe = 1, i,e., for a single statistical element: 


( 21 ) 


(1/ro.*) = 1.38M 

instead of the value l/A, which is as close an approximation as might be 
expected. 

lie. Calculation of the Total Energy of Electrostatic Repulsion 


The knowledge of (l/ro,*) and the fact that the mean distance between 
the elements is dependent only on the number k of intervening elements, 
lead to a straightforward calculation of the electric repulsion energy. 

As pointed out before, the energy contribution of two charges situated 
on the i-th and i + fe-th elements and separated by the distance ro.* is: 


rV 




{N + lyD 


Q 


( 21 ) 
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Among N elements, there are iV — ^ + 1 pairs of elements, k elemmts 
apart. The total contribution of these pairs is therefore: 


(N — k + 


N - k + l yU* f 1\ 
(N + 1)» D Vo.*/ 


( 22 ) 


The total energy of the electrical repulsion is now evidently obtained by 
summing over all values of k from 1 to AT: 


rV N-k + 1 N /J 3h» k \ 
D k~i {N + 1)* kh * V^2iVi4* N-kJ 

or as usually iV 1: 

„ vV -kj /Ih* T~ \ 
NDh i.i k * \^2NA* N - k) 


(23) 

(24) 



Fig. 2. Electrostatic energy E of an ionized chain molecule, 
having a given number of electric charges, as a function 
of the end-to-end distance h, according to equation (25). 
If E)uo 9 is the electrostatic energy corresponding (for the 
degree of ionization considered), to an end-to-end distance 
h 0, the relative energy E/Ejuo, is dependent on h/NA^ohly* 


It may be shown,® that the first term of the sum does not largely con¬ 
tribute to the total energy of repulsion. It can also® be deduced from 
equation (23) that replacing the summation by integration and integrat¬ 
ing from zero (instead of from one) as lower limit gives a negligible error. 
Hence we' may safely replace the summation in equation (24) by integra¬ 
tion: 


^ 2,2 1^2 ^ 

NDh Jo * * \S 2 NA* N-k) ^ 


E 


(25) 
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This expression cannot be solved analytically, but some approximations 
may be found to the curve at different values of v. A numerical calculation 
of E gives the curve shown in Figure 2. 

For higher values of h, i.e., for fairly stretched molecules, a good ap¬ 
proximation is:* 


E 


3hl 

DK “ 2NA^ 


(26) 


A comparison of formula (26) with the corresponding equation (1) of 
the first approximation shows at once that the energy calculated by the 
second approximation is much higher: the numerical coefficient has in¬ 
creased from 'A to 2 and an additional positive factor: 

In -\/3 h,/\/2hu 

is operative. Tliis increase in energy is evidently due to the contribution 
of the charges distributed over the median parts of the molecule. 

IID. Distribution Function According to the Second 
Approximation 

Introducing the value of E into equation (8) we obtain the probability 
distribution of the values of h for different degrees of ionization. Figure 3 
gives a numerical evaluation of the distribution curves for N *= 100, A =“ 
10“^ cm. 



Fig. 3. Distribution function IFfb), according to equations (8) and 
(25) for values of Z • 400, N • 100, A • 10~’ cm. at different values of 
the degree of dissociation a. 
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The mean degree of ionization a = v/Z increases from left to right. It 
may be observed that with increasing a, not only the mean and most prob¬ 
able values of h increase, but the form of the distribution curves changes. 
For higher degrees of ionization the curves are steeper and a larger per¬ 
centage of the molecules have approximately the same dimensions as the 
most probable ones. Correspondingly, the difference between the most 
probable, the mean, and the square root of the mean square values of 
vanishes. 


III. THIRD APPROXIMATION, CORRECTION FOR THE FORM 
OF THE ION DISTRIBUTION 


Though the assumption that the charge is evenly distributed (second 
approximation) is plausible, there are good reasons to dotibt its rigorous¬ 
ness. In order to get a clearer idea of the possible deviations from the 
homogeneous distribution, let us proceed as follows. 

(1) We consider a coiled molecule having a constant degree of ionization 
a in all parts of the chain and we calculate the corresponding potential 
distribution at the different points of the chain (IIIA). 

{2) Starting from this potential, we recalculate the distribution of the 
ionization according to the principle of Maxwell-Boltzinann (IIIB). 

(3) This non homogeneous distribution of the degree of ionization a 
leads to a potential distribution along the chain, which differs from the 
first approximation mentioned. 

The distribution of the ionization a and thus of the corresponding poten¬ 
tial is then successively (corrected in such a way that the a distribution as¬ 
sumed and the a distribution due to the corresponding potential function 
coincides as well as possible in all parts of the chain (IIIC). 

IIIA. Distribution of the Potential Function of the Ionized 
Polymeric Molecule 

In the first instance we assume the second approximation, /.e., the con¬ 
stancy of the degree of ionization a over all parts of the chain to be true 
(Fig. 4a). We calculate the potential in the neighborhood of a given seg¬ 
ment due to all other charged segments present in the filament. 

The potential in the i-th segment will be evidently given by the fol¬ 
lowing expression: 




- ( 27 ) 

J 0 ND \ro,»/ Jo ND Vo,*/ 


JL /JL 

ND (r 

Introducing the value of (1/ro,*) from equation (20) we obtain; 

ve I / * N 
ND 


ND ij, kh ^ \^2NA^ 



G 


3/i*_^ 

NA*N - 
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Figure 4b shows a numerical evaluation of over a chain molecule 
consisting of 1000 monomers, if the degree of ionization is 

a = vJZ = 0.5 

(i.e., if half of the carboxyl groups are ionized); and if the molecule is 
stretched to ten times its original end-to-end distance (K/hio =* 10). 

It is seen at once that for homogeneous ionization the potential changes 
rather rapidly when we pass to the ends of the molecule (i = 1 and i — N). 
This run of the potential curve is incompatible with the assumption of 
constant a over the whole molecule as will be shown in the following para¬ 
graph. 

IIIB. Dependence of the Degree of Ionization on the Potential and 

Vice Versa 

For the sake of simplicity let us divide the large molecule into segments 
of different degrees of ionization Let each segment be enclosed in a 
semipermeable membrane, permeable only to hydrogen ions, in such a way 
that these can pass freely from one segment to another. In each segment 
an equilibrium will be established between the ionized and undissociated 
groups, so that: 


= Kt (28) 

1 — 

where an is the hydrogen ion activity dl-AVt Ji'h.f tAU V/VT JUU? VIAU V VAV^- 

pendent on the nature of the ionizable group and on the potential in its 
neighborhood. 

According to Bjerrum (Z. phys. Chem., 1925) 

Ki = 


where Ko is a specific constant and the potential on the i-th segment: 


._= ^ g-^i/kT Qj. 

1 — at On 


1 

" 1 + 


(29) 


It may be deduced that for approximately equal values of an and Ko, at 
will be strongly dependent on and different a<’s will result for different 
^<’s. Now, as shown in the previous paragraph, varies with i, hence we 
should also expect a to change with the segment. Figure 4c shows the 
variation of the degree of ionization over the molecule assuming the poten¬ 
tial distribution of Figure 4b. It is thus seen that the original assumption 
of the constancy of a is untenable. 


IIIC. Form of the ai Distribution 

No simple analytical procedure is available to calculate in a direct way 
the distribution of the charged groups in the molecule. The procedure 
adopted by present authors was that of successive approximation: the degree 
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a b c 



Figure 7 

Figs. 4, 5, 6 and 7. (a) Assumed distribution of the electric charges along 

the filament, (b) Electrostatic potential along the filament, corresponding 
to charge distribution (a), (c) Distribution of the electric charges along the 

filament calculated according to the Maxwell-Boltzmann principle (Eq. 29) on 
the assumption of a potential distribution as shown in (b). Fig. 4a. As¬ 
sumption of a uniform distribution of the charges over the filament, corre¬ 
sponding to the approximation used in section II. Fig. 5a. Assumption a, «• 
0.478 + 0.180 l(i/N) - 0.5]* + 0.625 l(i/N) - 0.5]^. Fig. 6a. Assumption of a 
charge distribution, similar to 5a; 4% of the total charge accumulated at each 
end of the filament. Fig. 7a. Estimated actual charge distribution over the 
filament, intermediate between 5a and 6a. Fig. 7c. The charge distribution 
7c calculated from’ the potential distribution 7b is identical with charge dis¬ 
tribution' 7a, which yields the potential 7b. (Self-consistent distribution of 
charge and potential.) 
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of ionization was represented as a series of ascending powers of the form:* 

a, = ao + «2 — 0.5^ + ^4 — 0.5^ + ... (30) 

By means of equation (30) the potential was calculated from formula (27) 
suitably corrected for varying a: 

(;i) *+/ (i^;) *] 

and from the values of the potential thus obtained, was again calculated 
from equation (29). Whenever the a<’s thus obtained were approximately 
equal to the original values, it was concluded that the coefficients of the 
sum (30) were of the right magnitude. 

Figures 5 and 6 show the process of approximation. It will be observed 
that a small deviation from constancy in produces a strong effect on 
and correspondingly in the recalculated values of The true values of 
the a^’s obviously lie between the values of Figures 5a and 6a and approxi¬ 
mately indicated in Figure 7. The general conclusion of these long calcu¬ 
lations is that, in reality, there is a small tendency of the charges to ac¬ 
cumulate near the molecular ends as was postulated in the first approxima¬ 
tion; but this tendency is not sufficiently pronounced as to distort the 
picture developed in the second approximation. 

Therefore, e believe that though a more rigorous calculation will tend 
to bring the formulas of part II somewhat near to the simpler formulas of 
part I, the true \alues will be much nearer to those obtained on the as¬ 
sumption of homogeneous distribution. 

IV. COMPARISON WITH EXPERIMENTS. INFLUENCE OF THE 
DEGREE OF IONIZATION ON THE VISCOUS BEHAVIOR OF 
POLYMETHACRYLIC ACID 

The results of the previous paragraphs permit the direct evaluation of 
several measurable quantities such as the viscosity, the double refraction 
of flow, the angle of orientation in flow, and the depolarization of scattered 
light in solutions of polyvalent polymeric ions.* The detailed experi¬ 
mental data will be presented in other papers. In this paragraph only the 
viscosity of aqueous solutions of polymethacrylic acid will be discussed. 

IVa. Description of Experimental Behavior 

Figure 8 represents a series of measurements of iy.p/c for a sample of 
polymethacrylic acid at different concentrations and at various degrees 
of neutralization with sodium hydroxide. The points corresponding to a 
given concentration, but to various degrees of ionization, are, for each 
concentration investigated, united to a curve. An inspection of the figure 

* This form was adopted for symmetry, reasons: the charge distribution around the 
center of the molecule (i/N «■ 0.5) must evidently be symmetrical. 



296 


A. KATCHALSKY. O. KUNZLE, AND W, KUHN 


reveals that, contrary to the course of vs, c of polymer solutions in or* 
ganic solvents, in our case rjsp/c increases with decreasing concentration. 
Another important fact is the increase of tisjc with increasing ionization 
a through addition of alkali. After about 80% neutralization the viscosity 
starts to decrease because of the influence of free electrolyte in the solution. 



Fig. 8. Polymethacrylic acid in water. Experi¬ 
mental values of ry^p/c for different concentrations 
(mole methacrylic acid per liter), ag a function of the 
degree of ionization a. With increasing dilution there 
is tendency, at each value of a, toward a limiting 
^ value, practically coinciding with curve o, calculated 

from equation (39). 

But the'most important fact for the further discussion is that at each de¬ 
gree of ionization the values of vsp/c at decreasing concentration reach a 
limiting upper value, which may be identified with the intrinsic viscosity 
of the polymer at the corresponding degree of ionization. This upper limit 
is attained earlier by the lower degrees of ionization and only at very high 
dilutions by the solutions of higher a. We may assume that the limiting 



POLYVALENT POLYMERIC IONS IN SOLUTION 


297 


values of the intrinsic viscosities at extreme dilution are the values that the 
solution attains when the molecules display their full interference to hydro- 
dynamic flow and exhibit the maximum degree of stretching, which is pos¬ 
sible at the degree of ionization in question. At higher concentrations 
the influence of the surrounding opposite ions (gegenions) prevents the 
molecules from stretching to the maximal value possible at the pH in ques¬ 
tion, and hence the viscosity is lower. As the theoretical treatment pre¬ 
sented in this paper is valid only for infinite dilutions, we shall discuss only 
the curve a of intrinsic viscosity in Figure 8. 

IVB. Theoretical Formula for the Influence of a on the Intrinsic 

Viscosity 

As shown by Kuhn and Kuhn, the intrinsic viscosity of a solution is 
given by the following expression:^ 


hh^ ^_ 1 _ 

48 10» -0.05 + 0.12 logic h^dnbZ + 0.037 


(32) 


where Nl is the Avogadro number, b the length of the monomeric unit 
projected on the molecular axis, the quadratic mean of the end-to-end 
distance of the dissolved polymer, Z the degree of polymerization, and dh 
the thickness of the chain. The last factor on the right-hand side of 
equation (32) takes account of the fact tliat, especially for high degrees of 
coiling, a part of the solvent is immobilized inside the coil. 

The determination of the viscosity of an ionized polymer is thus largely 
equivalent to the determination of P at each degree of ionization. As 
shown above, the probability of finding a molecule of end-to-end distance 
/i, which carries v ionized groups, is given by equation (8), where E is the 
electrostatic energy discussed and determined in paragraphs II and III. 
According to the results obtained in section III, expression (25), corre¬ 
sponding to a uniform distribution of the electric charge over the filament, 
can be considered as a satisfactory approximation for all degrees of ioniza¬ 
tion. (For the actual evaluation, see Figure 2 and equation (26), the latter 
as an approximation for high values of h.) 

Introducing these values for E in equation (8) it is easy to determine the 
mean square end-to-end distance from the equation: 


W{h)h^ dh 
fr Wifodh 


(33) 


For a considerable degree of ionization and correspondingly high values 
of A, the square of the most probable value of h can be used instead of V; 
namely, we have shown above (see especially Figure 3) that the probability 
curve grows sharp with increasing ionization, an effect which reduces the 
difference between ^ and the square of the most probable value of A. 

For fairly stretched molecules (for which this is true), we may at the same 
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time use approximation (26). From equation (8) we obtain fw tbe most 
probable value of h the following equation: 


a In Wjh) _ 

bh “ A kTi>h'^ h 


(34) 


The value of 0 is very well approximated by the formula: 

fl = fl + 

iVA L 1 - {h/NA)*j 


(35) 


which passes for h NA into the well-known expression 0 =» ih/NA. 
Introducing the value (26) for E, we obtain: 


J_ ^ 

kT bh 


In 


3h* 


Dkm L 2NA^ 



(36) 


We now introduce numerical values * = 4.77 X 10“^* e.s.u.; Z) = 80; 
T = 293°K., and fc = 1.38 X 10“i* erg/degree. As h is fairly large, 2/h may 
be neglected in comparison with other terms of equation (34). Substi¬ 
tuting aZ for V (a is the degree of ionization and Z the degree of poly¬ 
merization), we obtain from equations (34), (35), and (36): 


_3^ fi 4. 0-6(VA^A)» ~| L 

NA* 1 - (h/NA)U t' 


X 


10-8 



ih* 

2NA* 



(37) 


Determining h* from equation (33) or, for considerable values of a, the 
most probable value of h from equation (37) and introducing this value into 
the expression (32) for the intrinsic viscosity, we obtain the intrinsic viscos¬ 
ity as a function of the degree of ionization a. This curve is shown* to¬ 
gether with an experimental curve. The close agreement between the 
theoretical and experimental curves is a strong support of the theory de¬ 
veloped above. 

A further simpliiication of the expressions is obtained if the last factor 
on the right-hand side of equation (32), which takes account of the partial 
immobilization of the solvent inside the coil, is substituted by a constant 
of value 3ir/2; this corresponds to neglecting the immobilization of the 
solvent inside the coil, a simplification that is justified in practice if the de¬ 
gree of polymerization is not too high or if the stretching of the coil by elec¬ 
trostatic action of the charges is considerable. In this case, equation (32) 
reduces to: 


_ irbh* Ni. 
32 10* 


(38) 


The intrinsic viscosity is in this case exclusively determined by h*. 

Substituting for h in equation (37) the intrinsic viscosity from equation 
(38), denoting now by the intrinsic viscosity at degree of ionization 
a and by 


[n]o = (.irbNA*/32){Ni/W) 
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that of the undissociated solution, and introducing the value 6 
10~* cm., corresponding to polymethacrylic acid, we obtain: 


Ii»]o 


0.6 hL 1 

iv hjo, 1 W- 

N [i?]o 


2 [i?]o 


2 


= 2.9 X 10-*a*Z* 


2.5 X 


(39) 


By means of the last formula, using the experimental value [lyjo ~ 1.55 
and choosing appropriate values for Z and N (380 and 200, reap.), a simpli¬ 
fied theoretical curve for the intrinsic viscosities was calculated and is 
drawn as the limiting curve a in Figure 8. 

It is seen that this curve follows closely the experimental data. The 
agreement proves that even the simplified formula may be of use, at least 
as a rough approximation. 
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Resume 

L*addition d’alcali a une solution dilute d*acide polym6thacrylique produit une forte 
augmentation de la vi8co8it6 intrins^ue, de cent trente fois par exemple, si 50%. des 
groupes GOOH— sont neutralises (dans un 6chantillon particulier). Ce phenom^ne, de 
mOme que d’autres phenomenes connexes en birefringence d'ecoulement, peuvent s'inter- 
preter corame un derouleinent partiel ou complet du filament, produit par Teffet eiectro- 
statique qui accompagne le passage d*une molecule neutre k un ion polyvalent. En pre¬ 
miere approximation renergie eiectrostatique du filament a ete consideree comme une 
fonction de la distance h des extremites du filament et du degre d'ionisation a. En 
seconde approximation, on suppose une distribution uniforme des charges eiectriques le 
long de rion polyvaleht. Une consideration ulterieure montre que cette hypothese est 
quelque peu inexacte, par suite d*un6 certaine concentration des charges au voisinage des 
extremites des filaments; toutefois, cet effet laisse inchange le resuHat obtenu en seconde 
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approximatioa, concernant I'^ergie du syst^me. Par Tutilisation de oette determina¬ 
tion de rinergie eiectrostatique, comme une fonction de h et de o, et par rutilisation 
du principe de Maxwell-Boltzmann, la fonction de distribution (en oe qui oonceme h et 
done le deroulement partiel du filament) est determine en fonction du degre deionisation 
a. En introduisant la valeur moyenne de ft, ainsi accessible, dans les formules qui 
expriment la viscosite intriiiseque en fonction de ft, on obtient des expressions de la vis- 
cosite en fonction de a, Une approximation comparativement simple de cette fonction 
peut etre developpee. La dependence de la viscosite intrinseque en fonction de a 
Concorde de fagon satisfaisante avec les valeurs experimentales des viscosites de 
Tacide polymethacrylique, neutralise par Taddition progressive de quantites d’alcali. 

Zusammenfassung 

Zugabe von Alkali zu einer verdiinnten Losung von Polymelhacrylsaure bewirkt einc 
“'tarke Zunahme der Grenzviskositat, z.B. um einern Faklor 130, wenn 50% der COOH 
Gruppen (eines bestimmten Produktes) neutralisiert werden. Dieses Phanomen, wie 
auch ahnliche Effekte bei der Stromungsdoppelbrechung kbnnen als teilweises oder voll- 
standiges Aiifrollen der Kette gedeiitet werden. Die Aufvollung wird durch die elektro- 
statischen Krafte hervorgerufen, welche auftreten wenn wir vom neutralen Molekiil zum 
polyvalenten Ion ilbergehen. Um diese Entknauelung zu beschreiben, wird zuerst in 
grober Naherung, dann in einer besseren zweiten Naherung, die elektrostatische Energie 
des auf dem lonisationsgrade a befindlichen Fadens in Abhangigkeit vom Abstande ft, 
in welchem sich die Fadenenden voneinander befinden, berechnel. Bei dieser zweiten 
Naherung wird eine gleichinassige Verteilung der elektrischen Ladungen fiber das poly- 
valente Ion vorausgesetzt. Eine zusaizliche Belrachtung zeigt, dass diese Voraussetzung 
nicht ganz exakt ist, in Folge einer gewissen Konzentrieriing der Ladungen an den 
Kettenenden; es wird jedoch gezeigt, dass diese Tatsache die in der zweiten Naherung 
erhaltenen Resultate in Bezug auf die Energie des Systems praktisch unverandert lasst. 
Mittels dieser Bestimung der elektrostatischen Energie als Funktion von ft und a und 
durch Benutzung des Maxwell-Boltzmann Prinzips wird die Verteilungsfunktion in 
Bezug auf ft und dadurch das teilweise Aufrollen der Kette in Abhangigkeit vom lonisier* 
iingsgrade a gefunden. Setzt man den so erhaltenen Mittelwert ffir ft in die Formeln 
ein, welche die Grenzviskositat als Funktion von ft angeben, so erhalt man die Viskositat 
als Funktion von a. Eine rohe aber verhaltnismassig einfache Naherung ffir diese 
Funktion kann angegeben werden. Die so erhaltene Abhangigkeit der Grenzviskositat 
von a steht in zufriedenstellender Ubereinstimmung mit den Viskositatswerten welche 
bei schrittweiser Neutralisation von Polymethacrylsaure mit Alkali beobachtet werden. 

Received May 3, 1949 
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Potassium Ferricyanide-Diazothio Ether-Mercaptan 
Recipe for Emulsion Polymerization of Butadiene 
and Styrene. II. ElSect of Some Chemical 
Variables* 

I. M. KOLTHOFF and W. J. DALE, School of Chemistry, University of 
Minnesota, Minneapolis, Minnesota ^ 


In the first paper of this series,^ suitable recipes have been given for 
polymerizations at 40° and at ice temperatures. In the present study, 
further observations on the effect of several chemical variables in the recipe 
are reported. A method of determination of MDN (p-methoxyphenyl- 
diazothio (2-naphthyl) ether) in solution and in latex will be described in a 
subsequent paper. 


EXPERIMENTAL 

The reagents used and the methods of polymerization by the diazothio 
ether recipes have been described earlier.^ Unless stated otherwise, the 
diazothio ether used was p-methoxyphenyldiazothio (2-naphthyl) ether 
(MDN). 

Effect of MDN Added to Latices at Various Conversions 

The time-conversion curve of the ferricyanide-MDN-mercaptan recipe 
has a peculiar shape; at 40° the conversion is 26% after one hour, 49% 
after 6 hours, and 81% after 10 hours. This is characteristic of practically 
all the MDN recipes, independent of the kind of mercaptan used and of the 
amount of soap present. 

It seemed likely that most of the MDN disappears during the early 
stages of conversion. It was therefore of interest to see whether MDN 
would accelerate the conversion of a “neutral” ferricyanide recipe, when 
the polymerization was begun in the absence of MDN. The neutral 
ferricyanide recipe used employs 0.3% KsFe(CN)6, 0.5% n-dodecyl mer¬ 
captan (n-DDM), 5.0% S. F. flakes, and 180% water (based on unit 
weight of monomers). n-Dodecyl mercaptan was used instead of the ter¬ 
tiary compound (Sulfole B8), because the latter gives a very poor rate of 

* This iDvestigation was carried out under the sponsorship of the Office of Rubber 
Reserve, Reconstruction Finance Corporation, in connection with the U. S, Government 
Synthetic Rubber Program. 
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polymerization with ferricyanide as activator in the absence of MDN, 
At conversions of 20 and 40^, 0.2% MDN in 0.2 ml. benzene was injected 
into the latices and the polymerizations were continued at 40®C. The 
data are shown in Table I. 

TABLE I 

Effect of MDN Added to the Neutral Ferricyanide-DDM Recipe 
AT 20 AND 40% Conversion. T = 40 ®C. 

Total 



time. 

Gosveraion, 

Treatment 

hn. 


% 

A. Injected after 5 Hours, Conversion « 

20% 


Not injected (control). 

. 5 


20 


7 


33 


9 


38 

Injected after 5 hours. 

. 7 


76 


9 


85 

B. Injected after 8 Hours, 

Conversion =« 

39% 


Not injected (control). 

. .. 8 


39 


10 


47 


12 


57 

Injected after 8 hours. 

. 10 


79 


12 


87 


It is evident that at 20 and 40% conversion, the addition of MDN greatly 
increases the rate of conversion. At 40% conversion there are no free 
soap micelles in the latex; thus the accelerating effect of MDN in the 
various ferricyanide recipes occurs during the various stages of conversion 
independent of whether the soap micelles or the polymer particles are the 
loci of the polymerization. 

Effect of Varying Amounts of Soap 

It was found in this laboratory that the rate of polymerization in the 
mutual recipe (in which potassium persulfate is the activator) during the 
early stages of conversion is roughly proportional to the amount of soap 
used. Hence, it was of interest to investigate whether the initially rapid 
rate of conversion in the MDN recipes could be conveniently reduced by 
using less soap in the recipe. The data obtained with 1, V 2 , and V 4 of the 
mututal recipe amount of soap are plotted in Figure 1. (“F’ soap denotes 
5 parts of soap per 100 parts of monomers.) 

"It is seen that the initial rate of polymerization decreases with decreasing 
amounts of soap. However, with the different amounts of soap used, 
there .is a flat portion in the time-conversion curve after a faster initial 
rate. The flat portion may be caused by the autodecomiiosition of the 
MDN, possibly to thio 0-naphthol, which is consumed slowly by the latex. 
After the decomposition products have disappeared, the rate increases 
considerably. This interpretation needs further investigation. 

At 30°, the flat portion of the curve is much more pronounced. From 






RECIPE FOR EMULSION POLYMERIZATION 



Hmt, Houn 

Fig. 1. Effect of varying amounts of soap on rate of conversion. A «■ 1$ 
B 1/2; C 1/4 soap. (1 soap » 5 parts soap per 100 parts monomers.) 



Time y Hours 

Fig. 2. Effect of tert-Giz mercaptan concentration in the fer* 
ricyanide-MDN-mercaptan recipe at 40 A 2 RSH; B 
1 RSH; C - 1/4 RSH. 0 RSH « 0.35%.) 

a practical viewpoint, the use of less than five parts of soap in the ferricy- 
anide-MDN-mercaptan recipes is undesirable because gel is formed at 
lower conversions with lesser amounts of soap. 
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Effect of Mercaptan Concentration 

In the standard recipe for the preparation of GR-S with persulfate as 
the activator, the conversion rate is practically independent of the mer¬ 
captan concentration when the latter is varied between wide limits. In 
the present recipe, the rate increases greatly with the concentration of mer¬ 
captan as is evidenced from Figure 2. The rate of initiation of polymeriza¬ 
tion is probably proportional to the rate of production of mercapto radicals, 
which, it appears, depends on the rate of interaction of diazothio ether and 
mercaptan. 


Experiments with Various Emulsifiers 

Experiments were carried out in which various detergents, emulsifiers, 
and emulsion stabilizers other than S. F. flakes, were used. The results 
obtained with a few of these agents are shown in Figure 3. When an 
equal weight of Daxad 11 was substituted for the S. F. flakes in the ferri- 
cyanide-MDN-mercaptan recipe, the amount of conversion after 23 hours 
at 40° was only 1.5%. (Daxad 11 is the sodium salt of a condensed alkyl 
aryl sulfonic acid, Dewey and Almy Chemical Company.) In this recipe, 
the Daxad is apparently a stabilizer but not a solubilizer. 

The rates of conversion obtained with 5.0 parts of Aerosol AY are given 
in Figure 3, and, for comparison, the curve obtained with 5.0 parts of S. F. 
flakes is also plotted. 

A sample of sodium di-ter/-butylnaphthalene sulfonate was obtained 
from the University of Illinois. The conversions obtained with 5 parts of 
this soap in the ferricyanide-MDN-mercaptan recipe are also shown in the 
figure. Reasonable conversions are obtained with both Aerosol AY and 
the naphthalene sulfonate, which do not have an alkaline reaction like the 
fatty acid soaps. It will be of interest to investigate the effect of varying 
pH by means of suitable buffers, using various alkyl and aryl sulfonates 
as emulsifiers. 

Use of Other Diazothio Ethers in the Neutral Ferricyanide-Sulfole 

Recipe 

A few experiments were carried out in which diazothio ethers other than 
MDN were used in the neutral ferricyanide-Sulfole recipe. The following 
were received from Prof. W, B. Reynolds: p-chlorophenyl diazothio-(2- 
naphthyl)-ether, p-methylphenyl diazothio-(2-naphthyl)-ether, and the 
coupling products of diazotized sulfanilic acid with thio p-cresol and thio 
i8-naphthol. In each case the temperature was 40°, with S. F. flakes as the 
emulsifying agent and with 0.35% Sulfole B8 in the recipe. With each of 
the diazothio ethers used, a translucent latex was obtained similar to that 
described earlier. ‘ 

With 0.2 part of diazothio ether in each recipe, none gave as much con¬ 
version in 12 hours as did MDN. The conversions are plotted in Figure 4. 
It is of interest to note that a fluent curve without discontinuity was ob- 



RECIPE FOR EMULSION POLYMERIZATION 



Timt, Hours 

Fig. 3. Various detergents in the ferricyanide-MDN-mercaptan recipe 
at 40°C. A » S. F. flakes; B ^ aerosol AY; C » di-tert-butylnaphtha* 
lene sulfonate (Na salt). 



Fig. 4. Effect of various diazothio ethers at 40**C. Coupling 
products of diazotized: I, p-chloroaniline + thio /S-naphthol; 
II, p-anisidine + thio ^-naphthol; III, sulfanilic acid -f thio 
p-cresol; IV, sulfanilic acid + thio /9-naphthoL 


served with the coupling product of p-anisidine and thio /3-naphthol. 
(Compare curve II of Figure 4 with curve A in Figure 1.) From intrinsic 
viscosity data it was concluded that no matter which diazothio ether was 
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used, the viscosities of the polymers were practically the same at any given 
conversion. 

Other diazothio ethers should be investigated in this recipe. Professor 
Reynolds reports that the various types of diazothio ethers have distinctive 
properties when used in greater concentrations to promote and regulate the 
polymerization in the absence of other activators.* 
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English Synopsis, see Summaries, page S6, Vol. V, issue 1. 

Resume 

L*addition de MDN aux latex, pr^sentant des conversions diverges, et prSparSs au 
moyen d'un recette ferricyanure-n-DDM, augmente la vitesse ult^rieure de polymerisa¬ 
tion. L’effet de differentes quantites de savons d^acides gras sur la courbe redement/ 
temps au cours de la preparation au moyen du syst^me MDN-ferricyanure-/-dodecyl- 
mercaptan est indique. La vitesse de conversion, trouvee avec le systeroe MDN- 
ferricyanure, decrott considerablement avec des quantites decroissantes de mercaptan. 
L*emploi d'Aerosol AY et de di-/-butylnaphthaieiie sulfonate au lieu de savon d’acides 
gras entrainent des vitesses de conversions satisfaisantes. De nombreaux diazothio- 
ethers ont ete essayes en remplacement du MDN dans la preparation. Le p-methyl- 
phenyl-diazothio-(2-naphthyl)-ether donne des courbes conversion en fonction du temps 
tr^s interessantes. 


Zusammenfassung 

Zugabe von MDN zu Latex von verschiedenem Uinsatz, hergestellt iiach der Ferri- 
cyanid-n-DDM Vorschrift, erhdht stark die weitere Polymerisationsgeschwindigkeit. 
Die Wirkung von verschiedenen Mengen von Fettsaureseifen in der MDN-Ferricyanid-' 
/-dodecyl-Merkaptan Vorschrift auf die Zeit-Umsalz-Kurve ist angegeben. Die mit 
der MDN-Ferricyanid Vorschrift gefundene Urnsatzgeschwindigkeit nimmt mit 
abenhmenden Mengen von Merkaptan stark ab. Wenn man in der Vorschrift Aerosol 
AY, beziehungsweise di-^Butylnaphthalinsulfonat anstatt Fettsaureseifen benutzt 
werden zufriedenstellende llmsatzgeschwindigkeiten fegunden. Verschiedene Diazo 
thioather als Ersatz fiir MDN in der Vorschrift wurden untersucht. p-Methyl-phenyl- 
diazothio-(2-naphthyl)-ather ergibt eine hiibsche Zeit-Umsatz-Kurve. 

Received April 8,1949 
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Influence of Structure of Elastomers 
on Their Permeability to Gases* 

G. J. VAN AMERONGEN, Rubber Foundation, Delft, The Netherlands 


INTRODUCTION 

It is a known fact^“® that rubber membranes are permeable to gases and 
that the rate of permeation is a specific of a given gas and rubber. We 
may picture this permeation of gas through rubber as a process in which 
gas molecules dissolve on one side of the membrane, then diffuse through 
the rubber to the other side and there evaporate out of the membrane. 
Thus the prot^ess of permeation is divided into several independent proces¬ 
ses, those of solution and ev aporation being governed by Henry’s law and 
that of diffusion by the diffusion equation (Pick’s law). 

The problem to be considered is why a given rubber should possess a 
given permeability to a given gas. It will at once be evident from what 
has just been stated that, while studying the problem, the process of solu¬ 
tion (or evaporation) and that of diffusion must be dealt with separately. 
It was shown in earlier investigations^’^ upon a series of rubber varieties 
and gases how the chemical structure of the rubber molecules affects the 
rate at which the gas passes through, and, notably, that the introduction 
of methyl and polar groups in the polymer molecules and crystallization 
reduce this rate of diffusion. It was also found that a gas diffuses more 
slowly as its molecules are larger. The solubility of the gas in the rubber 
is determined by its tendency to condense and the interaction between the 
rubber and the gas molecules. 

These views will now^ be put to the test with reference to another series 
of rubbers and gases. We shall also see that knowledge of the necessary 
conditions for low permeability may help to evolve new kinds of rubber of 
low permeability. 


PROCEDURE 

The apparatus and methods employed for the determination of perme¬ 
ability, diffusivity, and solubility have already been described.^ 

The permeability is derived from the increased pressure in an evacuated 
space separated from a gas chamber by the membrane under test. The 
pressure increase is* registered by a MacLeod pressure gage now set to a 
range up to 1.5 mm. Hg with an accuracy of 0.001 mm. Hg. This pres- 

* Gommuxdcation No. 99 ffom the Rubber Foundation, Delft, The Netherlands. 
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sure gage ensures considerably greater relative accuracy of measurement 
than was formerly obtainable. 

The permeation coefficient, or permeability Q, follows from: 

q = QAt(j)i - p 2 )/d (1) 

where q = quantity of permeated gas, A = area of the membrane, pi and 
P 2 = pressures on both sides of the membrane, d = thickness of the mem¬ 
brane, and t = time. The quantity of permeated gas follows quite simply 
from the pressure increase, the volume, and the temperature of the space 
under vacuum. The pi pressure commonly amounted to approximately 1 
atmosphere. The p 2 pressure, which was always less than 1.5 mm. Hg, 
can be disregarded with respect to pi. The thickness of the membrane 
was determined with a Schopper thixometer to within an accuracy of 0.005 
to 0.01 mm. As a rule, the determination of the thickness of the membrane 
is the least accurate part of the permeation test. Besides that, it is very 
difficult to make membranes of uniform thickness at every point. 

The area of the membrane was assumed to be the same as that of the 
cross-section of the gas chamber, i*.e., 30.2 sq. cm. Some slight inaccuracy 
is here involved owing to edge effects and the presence of a supporting wire 
netting. For any measurements made at other than room temperature 
the dimensions of the membrane were corrected to allow for thermal ex¬ 
pansion. The absolute determination of Q is accurate to within 5%, 
while the relative accuracy of measurements performed with one and the 
same membrane at different temperatures or with different gases is within 
1 %. 

The diffusion coefficient, or diffusivity D, is derived from : 

D = dyee (2) 

where 6 is the time lag of the permeation. This lag is related to the time 
required by the gas to establish a state of equilibrium in the degassed mem¬ 
brane. The time lag is found by extrapolating the pressure increase-time 
curve to the zero axis after the stationary state has been attained. It can 
be shown^ that the stationary stage is reached after a period amounting to 
three times the time lag, so extrapolation to the zero axis should only be 
made from measurements taken after that time. 

The absolute accuracy of the diffusion coefficient is, again, subject to 
the accuracy of the measurement of the thickness of the membrane; its 
relative accuracy is within 1%. 

Finally, the solubility, S, follows from: 

Q ^ DS (3) 

Previous investigations^ have shown that the solubility found by tlie 
application of equation (3) is consistent with the values found by direct 
measurement. 

In the following pages Q will be expressed as cubic centimeters of gas at 
0®C. and 760 mm. pressure penetrating per second through a membrane 
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with an area of 1 sq. cm. and a thickness of 1 cm. at 1 atm. pressure dif¬ 
ference; D will be expressed in square centimeters per second and S in 
cubic centimeters of gas at 0®C. and 760 mm. pressure which are dissolved 
in 1 cc. of material at a pressure of one atmosphere. 


TABLE I 

Composition of the Membranes 

Membranes % N Mixtures 

Natural rubber. — A 

Methyl rubber, diinethylbutadiene bulk polymer. — A 

Polyisoprene, emulsion polymer. — A 

74% isoprene + 26% acrylonitrile emulsion copolymer. 7.0 A 

74% isoprene + 26% methacrylonitrile emulsion copolymer.... 5.3 B 

Polybutadiene, emulsion pfdyraer. — A 

Perbunan 18, 80% butadiene + 20% acrylonitrile copolymer... 5.4 C 

Perbunan (German), 73% butadiene + 27% acrylonitrile co¬ 
polymer . 7.2 A 

Hycar OR 25, 68% butadiene + 32% acrylonitrile copolymer. .8.4 C 

Hycar OR 15, 61% butadiene + 39% acrylonitrile copolymer. .10.2 C 

Butyl rubber, 98% isobutene + 2% isoprene copolymer. — D 

Polyrnethylpeiitadiene, 85% 2-methyl- + 15% 4-methyl-l,3- 

pentadiene copolymer*. — E 

Vulcaprene A, polyesteramide-diisfwjyanate. — F 


Mixtures. A B C D E F 


Rubber. 

Zinc oxide. 

Sulfur. 

Stearic acid. 

Vulkakite AZ. 

Captax. 

Tuads. 

Altax. 

VulcakiteP. 

Phenyl-/9-naphthylamine. 

Vulcafor VHM. 

Vulcafor VDC. 

Vulcanization temperature, ®C. 
Vulcanization time, rain. 


100 100 100 100 100 100 

5 10 5 3 5 ~ 

1.5 2 1 25 2 1.75 — 

2 1 1.5 1 1 1 

1.8 ~ — — — — 

— — — 0.5 — — 

— 1.25 ~ 1 — 

1 1 1.5 — — — 

— —— — — 0.75 

142 110 152 155 145 125 

30 30 35 45 30 60 


MEASUREMENTS 

We used membranes of vulcanized rubber of tlie composition shown in 
Table I. The majority of the polymers mentioned in this table are com¬ 
mercial products, only polyisoprene, polybutadiene, and isoprene copoly¬ 
mers being specially made by emulsion polymerization* for the perme¬ 
ability test. The combined sulfur content of the vulcanized natural rub¬ 
ber was 1.4%. German Perbunan is the equivalent of American Perbunan 

* Acknowledgments are due to Dr. W. Gaade and Dr. G. Salomon for their kindness 
in effecting these polymerizations for this purpose. 
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TABLE IL Permeability (? (in 10“^ CM.® SEC.•'^atm.~0»Diffusivity/) 


No. 

Rubber 


<? 

Hi 

D 

S 

Q 

Nt 

D 

S 

Oi 

<? D 

S 

i 

Natural rubber 

25 

37.4 

10.2 

0.037 

6.12 

1.10 

0.055 

17.7 1.58 

0.112 



50 

90.8 

22.2 

0.041 

19.4 

3.42 

0.057 

47.0 4.70 

0.10 

2 

Methyl rubber 

25 

13 

3.9 

0.033 

0.36 

0.079 0.046 

1.6 0.14 

0.114 



50 

38 

10.5 

0.036 

2.2 

0.41 

0.054 

7.1 0.61 

0.116 

3 

Polyisoprene 

25 

37.9 

10.03 

0.038 

5.37 

0.94 

0.057 





50 

89.0 

— 

•— 

17.0 

2.53 

0.067 



4 

Isoprene-acryl- 

25 

5.66 

2.47 

0.023 

0.138 

0.045 0.031 

0.65 0.092 0.071 


onitrile co¬ 
polymer 

50 

18.5 

6.50 

0.029 

0.99 

0.30 

0.033 

3.43 0.45 

0.076 

5 

Isoprene-meth- 

25 

10.36 

3.55 

0.029 

0.455 

0.123 0.037 

1.79 0.24 

0.075 


acrylonitrile 

copolymer 

50 

30.0 

8.74 

0.034 

2 43 

0.56 

0.043 

7.52 0.83 

0.091 

6 

Polybutadiene 

25 

32 

9.6 

0.033 

4.9 

1.1 

0.045 

14.5 1.5 

0.097 



50 

77 

18 

0.043 

14.5 

2.9 

0.050 

36 3.7 

0.097 

7 

Perbunan 18 

25 

19.2 

6.43 

0.030 

1.92 

0.51 

0.038 

6.23 0.79 

0.078 



50 

49.1 

14.5 

0.034 

7.00 

1.55 

0.045 

19.1 2.30 

0.083 

8 

Perbunan 

25 

12.1 

4.50 

0.027 

0.81 

0.25 

0.032 

2.94 0.43 

0.068 


(German) 

50 

33.7 

11.1 

0.030 

3.58 

0.98 

0.037 

10.5 1.44 

0.073 

9 

Hycar OR 25 

25 

8.97 

3.85 

0.023 

0.46 

0.152 0.030 

1.78 0.28 

0.064 


50 

26.3 

9.60 

0.027 

2.30 

0.70 

0.033 

7.08 1.08 

0.066 

iO 

Hycar OR 15 

25 

5.42 

2.43 

0.022 

0.179 

0.064 0.028 

0.73 0.136 0.054 



50 

17.0 

6.56 

0.026 

1.08 

0.34 

0.032 

3.50 0.565 0.062 

it 

Butyl rubber 

25 

5.50 

1.52 

0.036 

0.247 

0.045 0.055 

0.99 0.081 0.122 



50 

17.2 

4.38 

0.039 

1.27 

0.22 

0.057 

4.03 0.384 0.105 

12 

Polyniethyl- 

25 

32 4 

— 

— 

2.09 

0.30 

0.070 

7.62 0.55 

0.138 


pentadiene 

50 

82.1 

— 

— 

9.04 

1 28 

0.071 

25.9 1.98 

0.131 

13 

Vulcaprene A 

25 

4.78 

2 60 

0.018 

0.373 

0.145 0.026 

1.15 0.24 

0.048 



50 

15.6 

7.0 

0.022 

1.83 

0.67 

0.027 

4.79 0.92 

0.052 


26. The thickness of the membranes varied from 0.2 to 2 mm., so for 
every diffusion process we were able to use a membrane giving a properly 
measurable time lag. This time lag should, by preference, be something 
between five and forty minutes. The gases used were commercial products 
tak^n from cylinders. (The helium gas came from Philips Co. and was 
generously placed at our disposal by the Kamerlingh Onnes Laboratory of 
Leyden.) 

The experiment were first carried out at 25® and 50 ®C.; the results 
are given in Table II. The figures for butadiene rubber and methyl rub¬ 
ber had been estimated on a previous occasion^ and have been given here 
for comparison only. Natural rubber and German Perbunan, which had 
also been studied before, were now retested under the more refined condi¬ 
tions. Generally speaking, the consistency between the present evidence 
and that coming from other sources is satisfactory.®*® 
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(in 10“* cm.* 8bc.“‘)» and Solubility S (in cc. (N.T.P.) per cc. at I atm.) 


No. <? 

COt 

D 

s 

Q 

He 

D 

S 

Q 

Cgl. 

S 

Cjraioiinpuw 

Q D S 

/ 99.6 

1.10 

0.90 

23.7 

21.6 

0.011 

75.5 

0.467 

1.62 

192 0.180 10.7 

221 

3.50 

0.63 

52.3 

38.0 

0.014 

195 

1.63 

1.20 

473 0.72 6.6 

2 5.7 

0.063 

0.91 

11 







24 

0.36 

0.67 

27 








4 

3.3 

0.031 

1.07 

5.93 

8.01 0.0074 





16.9 

0.203 

0,83 

16.1 

15.1 

0.0107 




5 

10.8 

0.091 

1.20 








40.4 

0.444 

0.91 







6 

105 

1.05 

1.00 








200 

2.8 

0.72 







7 

48.2 

0.425 

1.13 

12.9 

15.5 

0.0083 





120.8 

1.42 

0.85 

31.2 

26.6 

0.0117 




8 

23.5 

0.190 

1.24 

9.32 

11.7 

0.0080 

18.9 0.0764 2.48 




67.9 

0.77 

0.88 

23.4 

23.0 

0.0102 

68.3 0.382 1.79 

59.3 0.141 

4.2 

9 

14.1 

0.107 

1.32 

7.50 

11.2 

0.0067 





45.9 

0.515 

0.89 

19.6 

22.1 

0.0089 




10 

5.67 0.038 

1.49 

5.20 

7.92 

0.0066 





22.4 

0.221 

1.01 

14.2 

16.2 

0.0088 




a 

3.94 0.0578 

0.68 

6.40 

5.93 0.011 

1.28 0.0203 0.63 




14.3 

0.276 

0.52 

17.3 

12.6 

0.014 

5.82 0.108 0.54 

10.4 0.0224 

4.7 


f2 34.2 — — 

100.8 1.48 0.68 

i3 14.1 0.094 1.50 

48.2 0.44 1.10 


The dependence of the various quantities upon the temperature will be 
discussed in the following pages, but we should note now the marked in¬ 
crease in dilTusivity and permeability with rising temperature, whereas 
the solubility of He, Hj, and N* increases only slightly, and that of COi, 
CjH:, and C)H« decreases with the temperature. The increase in sdu- 
bility of H* and Nj with the temperature is in agreement wilJi Carpenter’s 
findings.' 

Permeability 

Some hints as to the cause of varying permeability are already afforded 
by Table II. To obtain a complete picture, it is necessary to split up per¬ 
meability into its constitutive quantities, viz., diffusivity and solubility. 

Butadiene-acrylonitrile polymers provide a clear example of how the 
nature of the polymer afiects the permeability to various gases, as demon- 



312 


G. J. VAN AMERONGEN 


strated in Figure 1. From it we see that acrylonitrile strongly reduces the 
permeability of butadiene copolymers to a given gas; in fact, with a suf¬ 
ficient acrylonitrile content the material reaches even the low permeability 
of butyl rubber. We hope to explain why the permeability is thus reduced 
by the presence of an increasing percentage of acrylonitrile when we discuss 
diffusivity and its dependence upon temperature. What we may say in 
advance, however, is that it is a general rule that the presence of polar 
groups in the polymer molecules produces low permeability. As nitrile 
groups have a very pronounced polar character, their effect in this sense is 
very great. 

There is another general rule, viz., that methyl groups in the polymer 
molecules bring about low permeability. Accordingly, polydimethylbuta- 
diene, having one more methyl group per monomeric unit than natural 



Fig. 1. Decreasing permeability 
of butadiene-acrylonitrile copoly¬ 
mers with increasing nitrile con¬ 
tent at 25®C. 


rubber, has a low permeability. Butyl rubber likewise owes this quality 
to the many methyl groups with which it is enriched. 

The permeability of polybutadiene, on the other hand, is little different 
from that of natural rubber, though the absence of methyl groups would 
have led one to expect a greater permeability. It is certain, however, 
that this polymer does not consist of pure 1,4-polybutadiene, but is poly¬ 
merized in the 1,2 position to the extent of at least 20% and this makes 
comparison somewhat difficult. The fact that emulsion polyisoprene has 
virtually the same permeability as natural rubber goes to prove that this 
polyisoprene contains isoprene polymerized principally in the 1,4 position. 

The realization that both nitrile and methyl groups tend to reduce per¬ 
meability led to the production of the isoprene-acrylonitrile and isoprene- 
methacrylonitrile copolymers, which, taking the nitrile content into ac¬ 
count, have exceptionally low permeability compared to the corresponding 
butadiene copolymers (c/. Table VI). With some gases the permeability 
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of the isoprene-acrylonitrile copolymer is the same as that of butyl rubber; 
with others it is even appreciably lower. 

For practical convenience we have collected in Table III the permeabili¬ 
ties of various polymers relative to natural rubber. The figures for air 


TABLE III 

Permeability of Elastomers at 25 ®C. with Reference to Natural 
Rubber (Pure Gum Vulcanizates) 


Rubber 

H, 

N* 

0, 

CO, 

He 

Air 

Natural rubber. 

100 

100 

100 

100 

100 

100 

Polybutadiene. 

86 

80 

82 

105 

— 

81 

Buna S . 

81 

78 

73 

94 

74 

76 

Polymethylpentadiene . 

87 

34 

43 

34 

— 

38 

Perbunan 18. 

51 

31 

35 

48 

55 

33 

Perbunan (German). 

32 

13 

17 

24 

39 

15 

Neoprene G. 

27 

14 

17 

20 

— 

15 

1 soprene-methacr yloiii tri le co¬ 
polymer . 

28 

7.4 

10.1 

10.8 


8.5 

Hycar OR 25. 

24 

7.5 

10 

14 

32 

8.5 

Polydimethylbutadiene . 

35 

5 9 

9.0 

5 7 

47 

7.2 

Vulcaprene A. 

13 

6.1 

6.5 

14 

— 

6.3 

Butyl rubber., . . 

15 

4 0 

5.6 

4.0 

27 

4.8 

Hycar OR 15. 

15 

2.9 

4.1 

5.7 

22 

3.4 

Isoprene-acrylonitrile copoly¬ 
mer . 

15 

2.3 

3.7 

3.3 

25 

2.8 

Thiokol B. 

3.2 

— 

1.2 

2.4 

— 

— 


were obtained on the reasonable assumption that permeability is an addi¬ 
tive property and that we may therefore approximately write: 

QaiT = V sQn? + V &Qos (4) 

To complete the picture we have also included in Table III the figures for 
Buna S (the equivalent of GR-S), Neoprene and Thiokol B, taken from the 
records of previous experiments.^ 

Diffusivity 

The size of the gas molecules determines the rate at which various gases 
diffuse in a given rubber. Figure 2 shows in a few cases how the rate of 
diffusion diminishes as the diameter*® of the gas molecules increases. 

The effect of the nature of the rubber upon diffusivity is made apparent 
by Figure 3, instancing butadiene-acrylonitrile copolymers. 

Comparing Figure 3 with Figure 1 we see that in this case the permeabil¬ 
ity and diffusivity run parallel; hence apparently solubility with respect 
to a certain gas is only slightly influenced by the chemical nature of the 
polymer. When we consider the question of the dependence of diffusivity 
upon the temperature we shall see why diffusivity decreases with increasing 
nitrile content of the polymer. As with permeability, however, the general 
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rule applies that the presence of polar groups and of methyl groups in the 
polymer molecules brings about low diffusivity. 



Fig. 2. Rate of diffusion as a 
function of diameter of gas mole¬ 
cules at 25°C. 



Fig. 3. Decreasing diffusivity of 
butadiene-acrylonitrile copolymers 
with increasing nitrile content at 
25®C. 


Solubility 

It had been discovered in earlier experiments that the solubility of a gas 
is connected with its tendency to condense, of which the boiling point or 



P'Fig. 4. Solubility of gases in vulcuin- 
ixed natural rubber at 25*’C. as a funcs- 
tion of critical temperature Tc and boil¬ 
ing point T». 


the critical temperature is a measured* It appears from Figure 4, which 
also incorporates data derived from another source,^' that the logarithm 
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of the solubility is a linear function of the critical temperature Tc or of the 
boiling point with the following equations applying: 

log S « -2.1 + 0.00747, 

log S * -2.1 + 0.01237^ 

These equations can be derived on the basis of the assumption that the 
process of solution of a gas is synonymous with its condensation followed 
by mixing with the rubber.® *^ In that case we can relate the saturated 
vapor pressure of the gas to its solubility; for the rubber with the dissolved 
gas may be conceived of as a mixture of two liquids above which a vapor 
pr^sure of 1 atm. prevails. We can write for the free energy of dilution 
AFi of a rubber-liquid system: 

Af\ = 717 In pm/pti (7) 

where pm = vapor pressure of the mixture and po == vapor pressure of the 
solvent. The following equation holds for ideal liquid mixtures: 

AFi = F71nM (8) 

where Ni is the molar fraction of component one in the mixture, R is the gas 
constant, and 7 is the temperature. When applying equations (7) and 
(8) to the system of rubber and liquefied gas, one can take 1 atm. for pm 
and the saturated vapor pressure of the pure liquefied gas at the prevailing 
temperature for po» In so doing we find values for Ni which show that in 
this case the rubber vseems to behave like an ideal liquid of a molecular 
weight of approximately 300. A well-known fact that has emerged from 
investigations respecting swelling, however, is that equation (8) is not ap¬ 
plicable to rubber. In its stead Huggins^^ found: 

AFi = RT{ln vi + V 2 + nvl) (9) 

where Vi and V 2 are volume fractions of liquid and polymer, respectively, 
/z is a constant connected with the heat of mixing and an effect of entropy, 
and related to the compatibility of the two components. 

Assuming that with gas-rubber, pm — I atm. and ^2 = 1, then combining 
(7) and (9), we obtain: 

In l/po == In Di + 1 + M (10) 

The relation between and the solubility S is: 

= SFx/22,400 (11) 

where Vi is the molar volume of the liquefied gas at the temperature of the 
experiment. 

Table IV gives some results of At calculated in this way. The pressure 
and the molecular*volume of the liquefied gases at 25®C. were calculated 
from published data.'®'^® The pressure of gases which are above their 
critical point at 25 ®C. was found by extrapolating to above the critical 
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point of the In po: l/T function.^* At the boiling point the molecular 
volume of these gases is 30 to 40 cc., increasing with the temperature. The 
assumed value of 50 cc. is a rough estimate. It was supposed that the 
solubility of NHs and SO2 in butyl rubber is approximately the same as the 
known solubility of these gases in poly isobutene.^ 

It is known that m is below 0.5 for compatible systems, so the higher ^ is, 
so much less compatible are the two components and the less satisfactorily 
does the gas dissolve. This can be stated more simply by saying that the 



Fig. 5. Gas solubility in butadiene- 
acrylonitrile copolymers at 25^C. 


solubility of a given gas in various rubbers is influenced by a specific inter¬ 
action between the gas and the rubber. As a result, a nonpolar gas, like 
H2 or O2, dissolves rather more readily in a nonpolar rubber than in a polar 
one. Gases of a polar nature, on the contrary, such as CO2 or NHs, dis¬ 
solve more readily if more polar groups are present in the rubber. Figure 5 
illustrates this reciprocal influence of the nature of the polymer and the 
gas in a series of butadiene-acrylonitrile copolymers. 


TABLE IV 

Calculation of the /i Constant at 25 ®C. 




Vi , 







po. 

00 . at 

Natural rubber 

German Perbunan 

Butyl rubber 

Gm 

atm« 

25 ®C. 

S 

M 

5 



N, 

1000 

'^SO 

0.055 

^ 1.1 

0.032 

-- 1.6 

0.055 ^ 1.1 

0 , 

700 

^^50 

0.112 

^ 0.7 

0.068 

^ 1.2 

0.122 ^ 0 . 65 

CH 4 

.370 

/^50 

0.25 

'^ O.SS 




CO, 

63.5 

63 

0.90 

0.8 

1.24 

0.5 

0.68 1.1 

C,H, 

47 

68 

1.62 

0.45 

2.48 

0.05 

0.63 1.4 

C,H, 

9.5 

89 

6.5 

0.4 




C 4 H., 

2.6 

101 

16 

0.65 




NH, 

9.9 

28.4 

6.9 

1.45 

13.5 

0.75 

~ 1.2 ^ 3.2 

SO, 

3.8 

49 

23.6 


48 


^^ 3.6 ^ 2.5 
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DEPENDENCE OF PERMEABILITY AND DIFFUSIVITY UPON 

TEMPERATURE 

On the evidence of former measurements,^’^ when a linear connection 
was found between log Q or log D with l/T, we may write; 

Q = (12) 

D = (13) 

where Qo and Do are constants, W is the activation energy for the permea¬ 
tion, and E is the activation energy for the diffusion. 

We shall see presently that the assumption of a linear connection of log 
Q or log D with J/T is only tenable within a very limited range of tempera¬ 
ture and that the activation energies depend upon the temperature. At a 
first approximation, equations (12) and (13) may be applied to the 25®C. 
range, up to which the measurements in Table II extend, and it is permis¬ 
sible to regard the energies as being constant. The various energies thus 
calculated are presented in Table V. 

The energy of aestivation for the permeation is of little theoretical value 
and is used only for the calculation of the heat of solution. 

ENERGY OF ACTIVATION FOR DIFFUSION 
a. Relation to Energy of Cohesion 

We may define the energy of activation for the diffusion as the energy 
necessary to push the rubber molecules far enough apart to form a hole 
for the infiltration of the gas molecules. Generally speaking, the greater 
the energy of activation for tlie diffusion is, the slower may diffusion be ex¬ 
pected to be. We find that this actually is so if we compare Tables V and 
II. 

Another predication is that this energy of activation is in proportion to 
the necessary size of the hole. The energy has to be larger for the larger 
gas molecules and for the more powerful forces of cohesion. Figure 6 
makes it plain that the energy of activation actually does increase with the 
diameter of the gas rnolec^ules. 

It w as pointed out elsewhere^ that the cohesive forces of the rubber 
molecules per unit of length of the molecule are determining the energy 
of activation. Greater energy is needed if a larger number of polar and 
methyl groups is present in the polymer molecules. This effect of polar 
groups in the polymer upon the energy of activation is very clearly exem¬ 
plified in the series of butadiene-acrylonitrile copolymers, for which see 
Figure 7. 

From Figure 8 it can be deduced how methyl groups in the rubber in¬ 
crease the energy of activation. This increase runs entirely parallel with 
the energy of coheuon of a monomeric unit, as a measure of which the boil¬ 
ing point of the monomer was taken on the assumption that Trouton’s 
rule applies. Thus methyl groups not only raise the boiling point and in- 
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Fig. 6. Relationship between energy of activation 
and diameter of the gas molecules. 



of htttadlene-^cryloliitrile copolymers. 
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crease the energy of cohesion of the monomer, but also the energy of cohes¬ 
ion per unit of chain length and the energy of activation in the polymer. 

It is necessary to stress at this point that the cohesive energy per unit of 
length of the macromolecule, which may be considered as determining the 
activation energy, is distinct from the cohesive energy density (C.E.D.) 
this latter giving the cohesive energy per cubic centimeter of material. 
It will be evident that there are far fewer monomeric units per cubic centi¬ 
meter in methyl rubber than in butadiene rubber; quite possibly, therefore, 
there may be little difference between the C.E.D.’s of these two rubbers, 
even if there is considerable difference in the cohesive energy of a unit of 
length of the macromolecules. The discovery made by Barrer and Skir- 


^ dinntthyl 

butadiene isoprene t^utodicile 



Fig. 8. Relation of boiling point of dienes 
to energy of activation for the diffusion in 
their polymers. 


row,* viz., that, according to gas solubility measurements, the C.E.D. of a 
series of rubber-sulfur vulcanizates remains virtually unchanged with in¬ 
creasing sulfur content, does not necessarily imply that the cohesive energy 
per unit of length of the chain molecule remains unchanged. It is arguable 
that the introduction of combined sulfur causes a reduction in the total 
length of the chain per cubic centimeter of material, because the combined 
sulfur does not contribute to the length of the chain and the density of the 
rubber does not increase in proportion to the quantity of combined sulfur. 
Moreover, the binding of the sulfur is probably accompanied by consider¬ 
able shortening of the chains through cyclization, which, with unchanged 
C.E.D., is responsible for further increase in the calculated cohesive energy 
per unit of chain length. In point of fact,* an increase in the combined 
sulfur content from 1.7% to 11.3% does go hand in hand with an increase 
in the activation energy for Nj from 8000 to 11,000 cal. per mole. 

To obtain a rubber with a high activation energy and, with it, a low rate 




ELASTOMERS AND THEIR PERMEABILITY TO GASES 


321 


of diffusion and permeability, it seemed obvious that methyl groups should 
be combined with strongly polar groups. And the argument was vindi¬ 
cated by copolymers of isoprene with acrylonitrile and methacrylonitrile 
which combine rubberlike properties with an exceptionally marked activa¬ 
tion energy together with very low permeability superior to most of the 
other varieties of rubber. 


TABLE VI 

Isoprene Copolymers Compared with Butadiene Copolymers at 



25 “C. 





Compound 

% N 


<?N. 



Isoprene-acry lonitrile. 

. 7 0 

5 7 

0.14 

7400 

14,500 

Butadiene-acrylonitrile. 

. 7 0 

12.5 

0.85 

6700 

10,100 

Isoprene-meth acrylonitrile. 

. .. . 5.3 

10 4 

0.46 

6900 

11,600 

Butadiene-acrylonitrile. 

. 5.3 

19 

1.9 

6200 

8,500 


Table VI shows how much lower is the permeability and greater the ac¬ 
tivation energy of isoprene copolymers than of butadiene copolymers of 
the same nitrile content. The values for the butadiene copolymers were 
estimated from Figures 1 and 7. 

b. Relation to Brittle Point 

The assumption that the permeability of the rubber largely depends upon 
the activation energy for the diffusion and, with it, upon the cohesive forces 
between the rubber chains connotes the supposition that the activation 
energy can be related to other physical properties, the viscosity of the rub¬ 
ber being the first to come to mind. It has been established by many in¬ 
vestigations that the dependence of the viscosity upon the temperature 
can be formulated by equations of the following type: 

rj = (14) 

where ri is the viscosity, Emsc, the activation energy of the viscosity, and A 
a constant. Eyring^® has placed this equation on a theoretical basis. 
He found that with a great many liquids Ehsc. is related to the heat of 
evaporation and, therefore, to the cohesive energy of those liquids. Thus 
this relation resembles the connection found between the energy of activa¬ 
tion for diffusion and the cohesive energy per unit of length of the rubber 
molecule. The value of 8 to 10 kcal./mole was found for Evisc, of natural 
rubber,but as, unfortunately, measurements of the viscosity depend¬ 
ence of synthetic rubbers upon temperature are not yet available, no further 
comparison with the activation energy for diffusion is possible. 

The brittle point^® is another important quantity to which the activation 
energy for diffusiqn can be related. As a rubberlike material cools down, 
its rubberlike properties gradually disappear; it becomes harder and 
harder, until ultimately it will break or disintegrate under a sudden impact 
of force. The temperature at which such fracture occurs is known as the 
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brittle point. This point serves as an index as to the utilizability of rubber 
at low temperatures. The brittle point test has to be performed under 
standardized conditions, because the position of the point depends to some 
extent upon the force to which the material is subjected. Fracture occurs 
the moment the material ceases, within the time allowed, to give way by 
deformation to the force applied. 

The total deformation D of a viscoelastic material may consist of a high- 
elastic and a viscous-plastic component.^® 

D = /)h.e. + DtUe , (15) 


This can be reduced to: 

D = + •rt/n (16) 

whare D is the total deformation, f)h,«.(») is high elastic deformation after 
infinite time, a is the stress, v is the viscosity coefficient, t is the orientation 
time, and t is the time. 



Fig. 9. Relationship between the activation energy for 
the diffusion of nitrogen and the brittle point in some 
elastomers. 


Both the orientation time r and the viscosity ii can be related to an ac¬ 
tivation energy by equations such as (14), from which it follows that, the 
higher the activation energies, the higher are r and ^ and the lower is the 
amount of-deformation under a given force within a given time, this being 
manifested by increasing brittleness of the material. Since in ^e brittle 
point test the amount of deformation is kept constant while the tempera¬ 
ture is varied, greater activation energy results in a higher brittle point 
temperature. The assumption that greater activation energy for diffusion 
is related to greater activation energy for the viscosity leads to the con¬ 
clusion that rubber with a high activation energy for diffusion must possess 
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a high brittle point; and that experiment has shown this to be so is appar¬ 
ent from Figure 9. 

The brittle points cited have been borrowed from measurements per¬ 
formed by Salomon^’*^ and by Boonstra.** The correlation is clearly 
evident on the whole, the exceptions being that butyl rubber has greater 
activation energy than the position of the brittle point would lead one to 
expect, while on the other hand polymethyl pentadiene exhibits insuf¬ 
ficient activation energy, possibly due to the very irregular buildup of this 
polymer. 


HEAT OF SOLUTION 

We can calculate the heat of solution of the gas in the elastomer from the 
dependency of the permeation and diffusion on the temperature by sub¬ 
stitution of equations (12) and (13) in the basic equation Q = DS, which 
gives: 


S = (17) 

and: 

AH ^ W - E (18) 

where So = Qo/Do is a constant and AH is the heat of solution. In a pre¬ 
vious publication^ the heat of solution was expressed somewhat differently 
as // = AH + RT cal./mole, where, therefore, the figures are 4*600 cal./ 
mole higher. 

Table VII sets out the heats of solution now found. These figures are 
accurate to within about 400 (;aL/mole. A fact to be noted is that the 
gases which do not readily condense generally exhibit heat absorption, 
which is compatible with the fact that the solubility of these gases in¬ 
creases a little with the temperature. 


TABLE VII 


Heats of Solution of 

Gases 

IN 

Various 

Rubbers 

IN Cal./Mole 

Compound 

He 

m 

N, 

Oi 

COt 

CtHt 

Natural rubber. 

1800 

800 

100 

- 800 

-2800 

-2200 

Perbunan 18. 

2600 

1000 

1400 

500 

>^2200 


Perbunan (German). 

1800 

1000 

1000 

500 

-2600 

-2500 

Hycar OR 25 . 

2200 

1200 

600 

200 

-3000 


Hycar OR 15. 

2200 

1200 

1100 

1100 

-2900 


Butyl rubber. 

1800 

600 

400 

-1200 

-2100 

-1200 

Isoprene-acrylonitrile co¬ 







polymer . 

2700 

1700 

500 

600 

-1900 


Vulcaprene A. 


1400 

500 

700 

-2400 



We may represent the process of solution of a gas as consisting in con¬ 
densation of the gas combined with the mixing of that condensed gas with 
the rubber.*' As a result, the heat of solution subdivides as follows: 

AH - + Affi 


( 19 ) 
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where AHcmd. is the molar heat of condensation and is the partial 
molar heat of mixing of the liquefied gas with the rubber. 

The heat of condensation is very sensitive to temperature, decreasing 
by about five to twenty calories per degree of rising temperature, which 
often makes it difficult to establish it exactly for a gas at room temperature, 
certainly where the permanent gases are concerned. It is difficult to 
imagine any condensation of these gases above their critical point and in 
any event it does not readily lend itself to calculation of the heat of con¬ 
densation. It can, however, be positively asserted that this “heat of con¬ 
densation” of gases such as He, H 2 , Na, and O 2 is very low at room tem¬ 
perature, since the heat of evaporation at the boiling point of these gases is 
very low, viz,, 24, 216, 1360, and 1610 cal./mole, respectively. Further¬ 
more, owing to the dependence upon temperature and the great tempera¬ 
ture difference between the boiling point and room temperature, these 
figures should be a good deal lower still at room temperature. Therefore, 
so far as He and Ha are concerned, there is no necessity to take considerable 
(negative) heat of condensation into account. In these cases the heat of 
solution is determined chiefly by the heat of mixing, which can be calcu¬ 
lated by means of Hildebrand’s equation*®: 

aRi = Vd(Et/Vi)''' - iE2/V^y''Yvh (20) 

and also according to:^* 

Affi - (RT/vDlfji- l/z] (21) 

where Vi and V 2 = molar volume of the liquefied gas and the rubber, re¬ 
spectively ; El and E 2 = energy of vaporization of the liquefied gas and 
the rubber, respectively; Ei/Vi and E 2 /V 2 = cohesion energy density 

(C.E.D.) of the liquefied gas and the rubber, respectively; ^2 = volume 

fraction of rubber (—1 in this case); z — coordination number (usually z 
^ 6 to 8); and m = a constant given by equation (9). 

If we apply these equations to the permanent gases, we are again faced 
with the difficulty that the cohesion energy density (C.E.D.) cannot be 
calculated for these gases at room temperature. At the boiling point of 
He, H 2 , N 2 , and O 2 , however, (Ei/Vi)'^^ amounts to 0.67, 2.5, 5.9, and 7.4, 
respectively, but it decreases in a marked degree with rising temperature, 
owing to decreasing Ei and increasing Vi. If these excessive C.E.D.’s 
are used for the calculation of the heat of mixing with natural rubber 
[(£^ 2 / 1 ^ 2 )*^* = 7.98],*^ the results are 1800, 900, 140, and 10 cal./mole, 
respectively, which may presumably be higher. 

The heat of mixing can also be calculated with the aid of equation (21), 
using the value for /x given in Table IV. Here again the result is a positive 
value for the heat of mixing. 

Heat absorption such as found with some permanent gases, therefore, is 
quite compatible with the hypothesis that the heat of condensation is low 
and that consequently the heat of mixing decides the heat of solution. 

The C.E.D. of butadiene-acrylonitrile rubbers is greater than that of 
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natural rubber. From this a higher heat of mixing can generally be cal¬ 
culated from equation (20) for gases with a C.E.D. lower than that of tiie 
rubber. Accwdingly, the evidence of the experiment shows the heat of 
solution in these rubbers of He, Hj, N*, and O 2 to be higher than in natural 
rubber. 

Finally, the heat of solution of readily condensing gases, such as propane, 
butane, NH», and SOj, is determined chiefly by the heat of condensation,*-” 
while the heat of mixing is of secondary importance. 

DEPENDENCE OF ACTIVATION ENERGY ON TEMPERATURE 

It has hitherto been assumed that the activation energies for permeation 
and diffusion are independent of the temperature and, within the experi¬ 



mental range of 25 to 50 ®C. under consideration, this approximately meets 
the facts. There were grounds, however, for questioning the validity of 
this assumption as applied to a wider range of temperature and measure- 
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ments were therefore performed upon a few gases and rubbers at tempera¬ 
tures ranging from —18.5 to +100 ®C. 

Figure 10 shows that the relation between log D and 1/T within a 
wider range of temperature is no longer linear, despite the first impression 
that it is. At the higher temperatures D is lower than it should be if the 
relation were truly linear. A similar curvature is obtained when log Q is 
plotted against l/T. Barrer and Skirrow® find a similar response of D and 
Q to the temperature in the majority of the cases they investigated. 

The changing slope of the log D:l/T and log Q:l/T curves can be in¬ 
terpreted as a change in the activation energies for diffusion and permea¬ 
tion caused by changing temperature. The permeabilities, diffusivities, 
and activation energies within the measured temperature limits are set out 
in Table VIII. 

Generally speaking, measurements within so wide a temperature range 
are less precise than at normal temperature. One difficulty is that the 
measurements at all these temperatures cannot be performed with a mem¬ 
brane of the same thickness. The reported values are often the result of 
two overlapping series of measurements. Above 100 ®C. the rubber begins 
to give off gas and this makes it impossible to take measurements. Since, 
as we have seen, the activation energies for permeation and diffusion de¬ 
pend very greatly upon the temperature, these energies can only be allowed 
to be approximately constant within a relatively narrow range of tempera¬ 
ture. The heat of solution which can be calculated from E and IF is as a 
rule fairly indifferent to temperature, the experimental error being the 
important factor here. Hence the dependence of the activation energy for 
permeation W upon the temperature is governed chiefly by the activation 
energy for diffusion E, " The fact that E is dependent upon the temperature 
makes it clear that the equation D = Z)oexp. {—E/RT) is an oversimplifica¬ 
tion. A better empirical representation of the problem follows from: 



d In Z) Eq qT 

d{\/T) ~ R 

(22) 

or, when integrated: 

D = QJ«i/Bg-Bt/RT 

(23) 

where the initial assumption based on the experiment is that: 



E = £>0 -{• OjT 

(24) 

and; 

a = dE/dT 

(25) 


This kind of dependence of activation energies upon temperature is a 
common phenomenon at rates of reaction for which similar equations can 
be written.*® In the case of the activation energy fcMr diffusion this de¬ 
pendence upon the temperature becomes comprehensible if one regards 
this quantity as the energy required to loosen up the molecular chain for a 
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given distance. This energy corresponds to the cohesive energy of the 
chain element concerned, which, like the heat of vaporization of every sub¬ 
stance, must depend upon the temperature. It is known that the heat 
of vaporization as a function of the temperature can be described as fol¬ 
lows: 

/ T 

ACp dT (26) 

where AHv is the heat of vaporization, A/i/o is a constant, and ACp is 
change in specific heat on vaporization. Assuming ACp to be a constant, 
we get an equation similar to (24) after integration. 

Table IX gives the values for dE/dT obtained from the smoothed linear 
curve E: T. 

TABLE IX 

dEldT Values for Some Diffusions 


Compound Ht Na He 

Natural rubber. —28 — 68 —32 

Perbunan (German). —52 — 80 — 

HycarORlS. -42 -114 -32 

Butyl rubber. —33 — 66 —28 


THEORETICAL DISCUSSION 

It will be interesting to see whether dependence of E upon the tempera¬ 
ture can be made to fit into the zone theory propounded by Barrer^*’^^ 
and the transition state theory developed by Eyring^® to account for the 
process of diffusion. 

Certainly, the zone theory does require £ to be a function of the tem¬ 
perature. According to this theory, diffusion answers the equation: 

where v is frequency, d is distance, Eo is total energy of activation, and / is 
number of degrees of freedom for activation. If we suppose that the first 
term of the series is the decisive factor, it can be deduced*^ that: 

E = Eo - (f- 1)RT (28) 

and: 

dE/dT = -if - l)R (29) 

Then, with the ■aid of equation (29), we can find directly from Table IX 
the number of degrees of freedom which, according to the zone theory, 
have to be reckoned with for the activation in the process of diffusion. 

An alternative is to apply the transition theory** to diffusion. This 
theory starts from the assumption that diffusion is a reaction satisfying the 
following equation: 
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D « dPk^ (30) 

where d is the jump and distance k} is a rate constant. 

The constant fe* follows from: 

= K(kT/h)K^ (31) 


where k is the Boltzmann constant, h is the Planck constant, k is the trans¬ 
mission coefficient (usually k ~ 1), and is the equilibrium constant for 
activated and initial states. 

It is supposed here that diffusion takes place after an activated state 
has been reached which is in equilibrium with the initial state. The con¬ 
stant Kt stands in relation to the standard free energy of the process by 
means of the familiar thermodynamic equation: 


In A* = - AF^/RT 

(32) 

AF* = A//* - FAS* 

(33) 


where AF^ A/f^ and AS^ are the standard free energy, heat, and entropy 
changes, respectively. 

After substitution of (33) in (32) and thereafter of (32) in (31) and (30), 
we obtain: 

D = (34) 


This equation agrees with equation (13) found by experiment, where: 


and: 


E = AH^+ RT 


Do 


he 


(35) 

(36) 


If AS^ is calculated according to equation (36), we find values of 10 to 26 
entropy units per mole.® 

If it be desired to apply equation (34) to a diffusion process, where the 
activation energy is dependent upon temperature, the proper course 
would seem to be to take the dependence of AS^ and AH^ upon the tem¬ 
perature also into account. For this we can write: 


and: 


AH^ = AHl + J'J ACl dT 
AS* = ASi + J\aCI/T) dT 


(37) 

(38) 


where AHl and ASq are constants and AC^ is change in specific heat on 
activation. After substitution of (37) and (38) in (33) and (32) we ob¬ 
tain: 
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For ACp we can write: 

AC* = « + |9T + 7^* + .. • 
Considering only the first two terms, we get from this: 

, AHl A5J a^alnT,0T 


In (31) and (30) this gives: 
D 


-«+>/mr)/« J<a/B g-AH*/RT 

h 


(40) 

(41) 

(42) 


The formal agreement between this equation and equation (23), which was 
found experimentally, is satisfactory. 

From (13) and (42) one finds the following for the dependence of tlie 
energy of activation upon the temperature: 

d\nD _ E_ AHl aT |8P 
dil/T) R R R 2R 


- T 


(43) 


or: 

E = AH„ + ia + R)T + V* /5P (44) 

which, after disregarding the /3 term, is likewise the dependence on tem¬ 
perature found experimentally, where dE/dT = a + R. It should be 
noted that the constants AHI and ASo are only of account insofar as they 
are used within the measuring range in equation (42), because only two 
terms of the progression of ACJ were used. 

THE CONSTANT Do 

We see in Table V that the constant Do is larger in proportion to the 
greater energy of activation E. It has been shown before* how the two 
quantities stand in relation to each other, regardless of the diffusion process, 
approximately according to: 

log Do = E/2000 - 4.2 (45) 

A comparable functional relationship was found by Barrer and Skir- 
row,* who also suggest possible interpretations of the constant Do on the 
basis of the transition state theory’* and the zone theory.** 

• It is obvious that there must be some close connection between this rela¬ 
tionship and the fact that the activation energy E is a function of the tem¬ 
perature. And, in fact. Do is not constant for the diffusion of a given gas 
through rubber, but also depends upon the temperature, according to : 

Do - C(Te)“/* 


(46) 
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which equation can be derived from (23). A complete interpretation of 
Do should bring equation (45) into relation with equation (46). 

In conclusion, I wish to express my sincere thanks to Miss W. Karssen for her able 
assistance in carrying out the expetimrats, to Dr. G. Salomon for his interest and dis¬ 
cussions, and to the Rubber Foundation for permission to publiidi the results of the in¬ 
vestigation. 
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R48um6 

Le sujet de cette 6tude*6tait Teffet de la structure des polym^res analogues au caout¬ 
chouc, BUT la perm6abilit6, la diffusibilit^ et la solubiliti d*une s6rie des gaz. les oo- 
polymhres de butadi^e-acrylonitiile perdent beaucoup de leur **diffusitivit6*' et de leur 
perm6abilit6 suivant leur teneur croissante en acrylonitrile. La presence de groupes 
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m6thyle dans le polym^re diminue habituellement de fa^on semblable la **diffi]8itivit6** 
et la perm6abilitA Cette connaissance rend possible la synth^ d’un oopolym^ iso- 
pr^ne-acrylonitrile, dont la permeability aux gaz est petite, bien qu*il possede des pro- 
prietes analogues au caoutchouc. La relation entre la vitesse de diffusion et la tempera¬ 
ture fournit Tenergie d’activation E de la diffusion. Une energie d’activation plus 
eievee pour un gaz determine dans une serie de caoutchoucs entraine toujours une vitesse 
de diffusion plus faible. La valeur de I’energie d'activation E est d'autant plus grande 
que les forces de cohesion existant entre les molecules sont grandes, et que les dimensions 
des molecules gazeuses sont grandes egalement. Des mesures effectuees sur une large 
echelle de temperature (de —18® & + 100®) montrent clairement que Tenergie deactiva¬ 
tion est fonction de la temperature, et une equation experimentale tenant oompte de oe 
phenomene est donnee. Cette dependance de Tenergie d'activation en fonction de la 
temperature est compatible avec la theorie des z6ne8 de Barrer, ainsi qu'avec la theorie 
de retat de transition d'Eyring p<iur la diffusion. La constante ^ pour plusieurs sys- 
temes de gaz et caoutchouc est obtenue par calcul au depart de la solubility du gaz. 
La chaleur de dissolution est obtenue au depart de la dependence de la solubility du gaz 
dans le caoutchouc en fonction de la temperature. Cette chaleur de dissolution con- 
siste principalement en chaleur de melange dans le cas des gaz, qui condensent diiiicile- 
ment, compare e celle-ci, la chaleur de condensation du gaz en phase liquide est faible. 

Zusammenfassung 

Der Gegenstand dieser Arbeit war der Effekt der Struktur kautschukartiger Poly- 
merer auf die Permeabilitat, Diffuaivitat und Loslichkeit einer Reihe von Gasen. Es 
wurde gefunden, dass Butadien-Acrylnitril-Copolymere mit steigendem Nitrilgehalt 
viel von ihrer Diffusivitat und Permeabilitat verlieren. Die Gegenwart von Methyl- 
gruppen in der Polymermolekeln verringert im allgemeinen die Diffusivitat und Per¬ 
meabilitat entsprechend. Uiese Kenntnis ermoglichte es uns, ein Isopren-Acrylnitril- 
Copolymer zu synthetisieren, welches abgesehen davon, dass es kautschukartige Eigen- 
schaften besitzt, nur sehr wenig Gas permeiern lasst. Die Beziehung zwischen Diffu- 
sionsgeschwindigkeit und Temperatur ergab die Aktivierungsenergie E fiir die Diffusion. 
Eine grbssere Aktivierungoenergie fur ein gegebenes Gas in einer Reihe von Kaut- 
schukpolymeren ergibt immer eine geringere Diffusionsgeschwindigkeit. Es wird 
gezeigt, dass die Aktivierungsenergie E umso grosser ist, je grosser die Kohasionskrafte 
zwischen den Kautschukmolekiilen und je grosser die Gasinolekeln sind. Messungen, 
die in einem grossen Temperaturbereich vorgenommen wurden ( — 18 bis 100® C.) 
zeigten deutlich, dass die Aktivierungsenergie eine Funktion der Temperatur ist, und 
eine experimentelle Gleichung wird hierfur gegeben. Die Abhangigkeit von E von der 
Temperatur ist nachweislich vereinbar mit Barrers Zonentheorie und mit Eyrings 
Transitionsstadiurastheorie fiir Diffusion. Die Konstante m fOr verschiedene Systems 
von Gas und Kautschuk wird dureh Berechnung aus der Loslichkeit des Gases abgeleitet. 
Die Lbsungswarme wird von der Temperaturabhanglgkeit der Loslichkeit des Gases in 
Kautschuk abgeleitet. Diese Lbsungswarme besteht im Falle von Gasen, die schwer 
kondensieren, hauptsachlich aus Mischungswarme. Die Kondensationswarme vom 
Gas zur flussigen Phase ist im Vergleich damit klein. 

Received April 25,1949 
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Bei dem Problem der Loslichkeit hochpolymerer Fadenmolekiile handelt 
es sich in den meisten Fallen um Gleichgewichte zwischen zwei binaren 
Oder sogar ternaren fliissigen Phasen. Die mathematische Behandlung 
derartiger Probleme fiihrt auf ^osse Schwierigkeiten, zumal wenn die 
Polydispersitat der Fadenmolekiile beriicksichtigt wird. Verschiedene 
Autoren^*"® haben daher versucht, Ergebnisse, die bei der Behandlung ein- 
facherer Systeme erhalten wurden, auf die komplizierten Falle zu iiber- 
tragen. Dieses Verfahren hat den Nachteil, dass man von vorneherein nicht 
sagen kann, wie weit eine derartige Naherung gerechtfertigt ist. Im 
folgenden werden wir fiir die wichtigsten Spezialfalle zunachst die ^exakte 
thermodynaraische-statistische Theorie entwickeln und dann die Naher- 
ungsannahmen genau prazisieren, die jeweils gemacht werden miissen, 
um die Rechnung bis zu iibersichtlichen Endformein durchzufiihren. 

Die spezielle Grundlage unserer Rechnungen wird die statistische Theorie 
der polydispersen irregularen Losung bilden, die kiirzlich entwickelt 
wurde.^ Dabei werden wir jedoch in der Entwicklung der Verdiinnungs- 
warme nach Potenzen des Molenbruches nur das erste (quadratische) 
Glied beriicksichtigen, was fiir die meisten Falle ausreicht. Ferner setzen 
wir voraus, dass die Fadenmolekule nur wenig beweglich sind; dies trifFt 
fiir die Cellulosederivate bei nicht zu hohem Polymerisationsgraden zu. 
Fiir den athermischen Anteil der Verdiinnungsentropie werden wir in 
einigen Fallen die geschlossenen Ausdriicke von Flory,® Huggins,® oder 
Miller^ verwenden. 

In den folgenden Formeln bezeichnen die Indizes a und 0 die beiden im 
Gleichgewicht befindlichen Phasen, 1 die gelosten Fadenmolekule, 2 das 
Losungsmittel, 3 das Fallungsmittel, ti Fadenmolekule vom Polymerisa- 
tionsgrad n. 

VERTEILUNG ZWISCHEN ZWEI NICHT MISCHBAREN 
LOSINGSMITTELN 

IVfonodisperse Losung 

Das Verteilungsgleichgewicht der Fadenmolekiile zwischen zwei nicht 
mischbaren Lbsungsmitteln ist von Schulz^ als Ausgangspunkt fiir seine 
theoretischen tiberlegungen fiber die Loslichkeit gewahlt worden. Bezeich- 
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nen wir mit m di® chemischen Potentiede, so lautet die Gleichgewichts- 
bedingung: 

^ Mifl (1) 

Wir wahlen den reinen geldsten Stoff als Normalzustand und nehmen an, 
rfnBB die Verdiinnungswarme negativ ist. Dann gilt fiir verdiinnte Losun- 
gen.» 

( 2 — 2 n E 

Ami = iir Ni - In 2 H- — n*Wt ” “ 2) - — - 

n*[exp (-E/RT) - HN.j- (2) 

Hier ist R die Gaskonstante, T die absolute Temperatur, r die Koor- 
dinationszahl, n der Polymerisationsgrad, E die Wechselwirkungsenergie 
zweier benachbarter Bausteine verschiedener Fadenmolekiile, normiert 
auf die unendlich verdunnte Losung und: 

Ni = rii/innt + n%) (3) 

wo Ml und n* die Molzahlen bedeuten, Aus Gl. (1) und (2) folgt: 

S - i ^ - 

- (2 - e-V«^)N^]| (4) 

Wir setzen zur Abkurzung: 

AE ^Ea- Eg (5) 

und deflnieren im Anschluss an Schubs* das Trennungsverhaltnis durch 
die Gleichung 


Wi„ ^ Itlia Vg _ 

N|^ /ni4 Va 


( 6 ) 


wo mi die Masse der Fadenmolekiile, v das Volumen einer Phase und <p ■= 
Vg/Va ist. Dann wird fiir beliebig wachsende Verdunnung (ni —» 0) aus 
Gl. (4): 



(7) 


Dies ist im Wesentlichen die von Schulz’ abgeleitete Gleichung fur die 
Verteilung der Fadenmolekiile zwischen zwei nicht mischbaren Losungs- 
mitteln. Sie stellt somit das exakte Grenzgesetz fiir unendliche Ver- 
diinnung dar. Fur niedrige endliche Konzentration ergibt sich aus Gl. 
(4): 
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Hier ist V» das Molvolumen des Ldsungsmittel, das im Sinne des Gitter- 
modeUs der Statistik dem Molvolumen eines Bausteins der Fadenmolekiile 
(Grundmolvolumen) gleichgesetzt wird, Mo das Molgewicht eines Baus* 
teins (Grundmolgewicht) und mi die Gesamtmasse der Fadenmolekiile. 
Hier besteht somit ein wesentlich komplizierterer Zusammenhang zwischen 
d und n als in Gl. (7). 

Um die Verhaltnisse bei beliebigen Konzentrationen zu iiberblicken, 
setzen wir mit Benutzung der Formel von Flory^ und Huggins* fiir das 
chemische Potential der Fadenmolekiile: 

A|»i = RT lln Ni* - in - 1)(1 “ n ,*) “ ~ 2) ^ - 

n [exp i-E/RT) - (9) 

WO nJ = nNi der Volumenbruch der Fadenmolekiile ist. Man sieht, dass 
dieser Ausdruck [abgesehen von einem hier unwichtigen Faktor (z — 2)/z] 
wieder auf Gl. (4) und (8) fiihrt. Gl. (2) stellt somit fiir die hier behandel* 
ten Probleme eine iiber den ganzen Konzentrations bereich brauchbare 
Formel dar. Von dieser Tatsache warden wir bei alien weiteren Rech- 
nungen Gebrauch machen. 

Polydisperse Ldsung 

Bei dem Verteilungsgleichgewicht einer polydispersen Losung kann das 
totale Massenverhaltnis der Fadenmolekiile in beiden Phasen nicht aus 
Gl. (8) unter Benutzung eines mittleren Polymerisationsgrades berechnet 
warden, denn dieser wird in beiden Phasen untereinander und von dem 
des Ausgangsproduktes verschieden sein. Man kann Gl. (8) aber auch 
nicht auf die Verteilung der Fadenmolekiile vom Polymerisationsgrad n 
anwenden, da diese von der Verteilung der Molekiile aller iibrigen Poly- 
merisationsgrade abhangt. Wir miissen daher die vollstandige Theorie 
der polydispersen Losung^ zugrundelegen. Diese liefert fiir das chemische 
Potential der gelosten Fadenmolekiile vom Polymerisationsgrad n: 

Ajui, » J?r |ln Ni, - In z + nnwi ~ " 2) ^ ^ - 

m[exp i-E/RT) - l]Nij- (10) 

Hier ist: 
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und n das Zahlenmittel der Polymerisationsgrade, wie es bei der osmo- 
tischen Molekulargewichtsbestimmung erhalten wird. Ni ist dutch die 
Gleichung: 


Ni = 2 

n 


riin 


( 12 ) 


deiiniert. Dann gilt fiir das Gleichgewicht das Gleichungssystem: 




= exp (z 


- 2 ) 


n AE 

2 AT 


2 - 2 


n[(2 - /laNu, - (2 - c , n(iNi(i]| 


(13) 


Wit definieren die Verteilungsfunktion der Polymerisationsgrade /(n) 
dutch die Gleichung: 


Ni„ = Ni/(n) 


(14) 


beziehungsweise; 


Win = ni/(n) 


(14a) 


Es ist ferner, weiin wir die Masse der Fadeiimolekule vom Polymerisations- 
grad n mit min, ihr Teilungsverhaltnis mitbezeichnen: 


Nioe Nina ■— 

n 


E 


V2 ITlina 

JlMo Va 


V 2 

MoVa 


r V 1 + t>n 


(15) 


Ersetzen wir die Suinmierung naherungsweise duroh eine Integration, so 
wird mit Gl. (14): 


Nia = 


r 

Va nMo y 0 


Kn) 


1 + K 


dn 


(16) 


Aus. Gl. (6), (13), und (16) folgt fiir das Trennungsverhaltnis der Faden- 
molekiile vom Polymerisationsgrad n: 


exp 


z ~ 2 


2 ) -— 

’ 2 RT 


{(z- 

r Jin) 
Monvgjo 1 


[(2 - - 


+ 


(2 _ e-<in j. (17) 

Da das Integral nicht mehr von n abhangt, ist somit fiir die polydisperse 
Losung bei beliebiger Konzentratioii, im Gegensatz zu Gl. (5), In eine 
lineare Funktion von n wie es bereits Schulz* angenommen hat. Dieses 
Beispiel zeigt deutlich, dass die korrekte Beriicksichtigung der Polydisper- 
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sitat von wesentlichem Einfluss auf die Ergebnisse ist. Auch die Abhang- 
igkeit des Teilungsverhaltnisses t^n von v?, dem Volumenverhaltnis der 
beiden Phasen, ist die gleicbe wie in der Schulz’schen Formel, da nach (6) 
<p^n nicht von tp abhangt. Die betreffenden Zusammenhange sind bereits 
von Schulz® an Hand einer graphischen Darstellung eingehend diskutiert 
worden. Da dieselbe auch in dem bekannten Buch von Ott^® wiederge- 
geben isl, brauchen wir an dieser Stelle nicht darauf einzugehen. Es ist 
jedoch zu beachten, dass, wenn man die Schulz’sche Formel benutzt, der 
Exponent von der Verteilungsfunktion der Polymerisationsgrade /(n) 
abhangt. Auch ist der Zusammenhang mit der Temperatur wesentlich 
komplizierter als in Gl. (7). Bemerkenswert ist in Gl. (8) und (17) das 
Auftreten der von Schulz nicht beriicksichtigten Entropieterme. 

ENTMISCHUNG BINARER LOSUNGEN 
Monodisperse Losung 

Wenn sich eine homogene binare Losung beim Abkiihlen entmischt, 
haben wir ein Gleichgewicht zwischen zwei binaren flussigen Phasen, 
welche beide die gleichen Kornponenten enthalten. Es ist daher hier noch 
eine weitere Glcichgewichtsbedingung fiir das Losungsmittel zu beriick- 
sichtigen und wir haben: 

Mlot = MU9 M2o = (18) 

Wir milssen hier positive Verdiinnungswarme annehmen, da nur unter 
dieser Bedingung Entmischung cintritt. Ferner stezen wir voraus E -C 
RT und entwickeln die Exponentialfunktionen bis zum linearen Glied. 
Dann wird: 

Ami = RT |ln Ni - In 2 + ^ n*Ni - {z - 2)^ ■§=, + 

\ Z Z til 

(19) 

Fiir der das Losungsmittel haben wir mit Benutzung der Miller’schen 
Former fiir die Verdiinnungentropie einer athermischen Losung: 

Am, = Br|ln(l _ N?) - ^ In [l - (l - - 



Mit Gl, (19) und (20) lauten die expliziten Gleichgewichtsbedingungen: 
2 _2 / E \ 

^ Nj„ H-^— n* (i + 3 — j Nia “ In Nim + 

+ (21) 
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und: 


tad - N..)-2ta[l - — (^1 --jJ-j- 


2 E «2 


^ ^ 1 F-i 2 ni 3 / 1\ 3 z 2 E «2 /fto\ 

ln(I-N„)-— (l--)J-j— (22) 


Der kritische Punkt der Entmischung berechnet sich aua den Gleichungen: 

dAMj/dNi* - 0 d^A/i2/aNr* » 0 (23) 

Aus (20) und (23) folgt fiir den kritischen Volumenbruch (wenn hohere 
Potenzen von 1/n vernachlassigt warden): 

Nu * n~’/*(2 - 8/2*)-'/* (24) 

Durch Einsetzen dieses Wertes erhalt man fur die kritische Temperatur 
der Entmischung: 



Gl. (24) und (25) stimmen praktisch iiberein mit den Formeln, die 
Flory® aus seiner statistischen Theorie, JenckeU* aus der statistischen 
Theorie von Miinster^*”^® abgeleitet hat. Letztere gibt die beiden ersten 
Glieder einer Reihenentwicklung der Miller’schen Funktion. Aus. Gl. 
(24) folgt, dass die kritische Konzentration bei sehr kleinen Volumen- 
briichen (etwa von der Grossenordnung entsprechend den 

Molenbrlichen 10 “’*-10’"®) liegt. Die kritische Temperatur steigt nach 
Gl. (25) mit dem Polymerisationsgrad an. Beide Folgerungen sind von 
JenckeU* an den Systemen Polystyrol-Octadecylalkohol, Polyvinylacetat- 
Octadecylalkohol und Polyvinyloctadecylather-Isoamylalkohol, die erst- 
ere auch von Bronsted und Volqvartz^® an Losungen von Polystyrol in 
verschiedenen aliphatischen Estern experimentell bestatigt worden. 

Die vollstandige Losung der Gl. (21) und (22), welche die Entmischungs- 
kurve liefert, ist sehr umstandlich. Wir wollen daher eine auch von Gee^^ 
benutzte Naherung einfiihren. Aus Gl. (24) folgt, dass in einiger Entfern- 
ung vom kritischen Punkt die verdiinnte Phase praktisch nicht mehr vom 
reinen Losungsmittel zu unterscheiden ist. Von Bronsted und Volqvartz^® 
wurde dies auch direkt experimentell bestatigt. Wir werden daher nur 
einen geringen Fehler begehen, wenn wir in Gl. (22) fiir das chemische 
Potential des reinen Losungsmittels setzen und demgemass die Gleichge- 
wichtsbedingung (21) vernachlassigen. Physikalisch bedeutet dies, dass 
wir die Bedingung fiir das Verschwinden des osmotischen Dmckes auf- 
suchen. Auf diese Weise ergibt sich fiir die Entmischungstemperatur bei 
gegebenem Volumenbruch: 

- t(‘ - s)]}" 
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Fuhren wir den Quellungsgrad der Gelphase: 

Q - (1/nD - 1 


(27) 


ein, so erhalten wir fur die Quellung einer aus hochpolymeren Faden- 
molekiilen bestehenden Substanz durch ein Nichtlosungsmittel (wenn 1/n 
g^en 1 vernachlassigt wird): 




2/z 1 3z-2 E/RT 

(0 + l)J‘^2 z «?+!)* 


= 0 (28) 


Fiir geringen Quellungsgrad folgt daraus der einfache Zusammenhang: 


Aus diesen Beziehungen ergebein sich einige bemerkenswerte Folge- 
rungen. Gl. (26) zeigt zunachst, dass Entmischung nur eintreten kann, 
wenn E < 0, d.h. die Verdiinnungswarme positiv ist, was wir zu Beginn 
schon angenommen batten; bei negativer Verdiinnungswarme hat man 
unbegrenzte Ldslichkeit. Oberhalb der kritischen Temperatur gilt dies 
auch bei positiver Verdiinnungswarme. Mit dem Erreichen der kritischen 
Temperatur sinkt nach Gl. (24) die Loslichkeit sprunghaft auf einen 
kleinen Wert und dann stetig auf praktisch Null. Damit erklart sich die 
bekannte Tatsache, das hochpolymere Substanzen entweder unbegrenzt 
loslich Oder praktisch unldslich sind. Andererseits wirkt aber, wie sich 
aus GL (28) ergibt, auch jedes Nichtlosungsmittel mehr oder weniger 
stark quellend. Man kann also nicht aus der Tatsache der begrenzten 
Quellung auf durch Haupt- oder Nebenvalenzen gebildete stabile Netz- 
struktur schliessen, wie dies gelegentlich geschehen ist.^* Es kann sich 
vielmehr um eine Erscheinung handln, die als solche von der molekularen 
Struktur unabhangig ist und sich in analoger Weise auch bei niedrig mole¬ 
kularen Systemen findet. Nur die enorme Viskositat der Gelphase und 
die Tatsache, dass die Gleichgewichtsflussigkeit nahezu reines Losungs- 
mittel ist, sind durch die hochpolymere Struktur (aber nicht durch Vernet- 
zung) bedingt. Zwar werden sich die Fadenmolekiile in der Gelphase 
dauernd an zalilreichen Stellen beriihren; aber diese “Haftpunkte” 
wechseln statistisch wie die Bindungen in einem Fliissigkeitsgemisch. Aus 
GL (28) folgt schliesslich, dass die Zusammensetzung der Gelphase bzw. 
der Quellungsgrad praktisch unabhangig vom Polymerisationsgrad ist. 
Dieser Satz wurde bereits von Gee^® ausgesprochen. GL (28) ist auch von 
praktischem Interesse, da sie die Besistenz eines hochpolymeren Stoffes 
gegen Quellung formuliert. Sie ist umso besser, je grosser — E ist, dagegen 
unabhangig vom Polymerisationsgrad, sofern es sich iiberhaupt um einen 
hochpolymeren Stoflf*(n > 1) handelt. 

In Abb. 1 ist die Entmischungstemperatur als Funktion des Volumen- 
bruches nach GL (24), (25), und (26) dargestellt. Dabei ist zwischen 
nJ » 0,2 und Nu bzw. nJ « 0.3 imd nJij, interpoliert, da GL (26) naturge- 
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mass in der Nahe des kritischen Punktes versagt. Abb. 2 zaigt ein experi- 
mentelles Beispiel aus den Messungen von Bronsted und Volqvartz.** 


500 


400 


T, 300 
("abs) 

200 


100 


0.2 0.4 0.6 0.8 

n; 

Abb. 1. Entmischungstemperaturen nach 
Gl. (24), (25), und (26). E = - 300 cal., it » 
1000. Kurve 1: z ^ oo, Tjt =■ 435® abs., 
N,** * 0.0224. Kurve II: * « 4, T;t “ 435® 
abs., Nu* » 0.0258. 
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GEWICHTSBRUCHE 


Abb. 2. Entmischungstemperaturen des Systems 
Polystyrol-n-Propyl-Laurat nach Messungen von 
Bronsted und Yolqvartz.'* 


Man sieht, dass die fur 2 = 4 berechnete Kurve einen wesentlich anderen 
Verlauf zeigt als die experimentell ermittelte. Dagegen gibt die nach der 
Flory’schen Naherung (2 -> ») berechnete Kurve den allgemeinen Charak- 
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ter, insbesondere die wechselnde Steigung der experimentellen Kurve gut 
wieder. Moglichkerweise hangt dies damit zusammen, dass in Flusug- 
keiten iiber grossere Temperaturbereiche ein endlicher z-Wert nicht defini- 
ert werden kann. Auch der Absolutbetrag des Temperaturkoeffizienten 
der Loslichkeit liegt bei Abb. 1, Kurve I in derrichtigen Grossenordnung. 
Es ist allerdings etwa 3-4 mal so gross wie in Abb. 2, doch haben sowohl 
Bronsted und Volqvartz^® wie JenckeP^ an anderen Systemen grossere 
Werte gemessen. Die Experimente iiber die Entmischung binarer Los- 
ungen stellen daher eine neue eindrucksvolle Bestatigung der statistischen 
Theorie der hochmolekularen Losungen dar. • 

Polydisperse Losung 

Die expliziten Gleichgewichlsbedingungen lauten hier: 

2 _ 2 - / E \ 

111 Nu« + - -— nfia (1 + 3 ■—] Ni«, = 


In N,^ + ntif ^1 + 3 n ,4 (n > 1) (29) 


und: 




RTJ 

Zz-2 E 
2 z RT 

3 

2 z 


Nil = 


iz-2 E ^ 

^n1 (30) 


wo: 


N 


la 


— — 




UTlina 

Z ^^ina + riza 


(31) 


ist und /la das Zahlenmittel der Polymerisationsgrade in der a-Phase 
bedeutet. Da wir irn vorhergehenden Abschnitt fur unsere Oberlegungen 
nur das chemische Potential des Losungsmittels benutzt haben, folgt aus 
Gl. (30), dass unter der Voraussetzung Nia 0 alle friilieren Formeln ihre 
Giiltigkeit behalten, wenn wir Ni« durch GI. (31) definieren und n durch n 
ersetzen. Das besagt, dass die betreffenden Eigenschaften unabhangig 
von der Verteilung der Polymerisationsgrade sind. Streng gilt dies aller¬ 
dings nur fiir den kritischen Punkt selbst, fiir die Entmischungskurve nur 
insoweit, als die zu Gl. (26) fiihrende Naherung brauchbar ist, Praktisch 
diirfte eine Abhangigkeit von der Polydispersitat kaum in Betracht kom- 
men. 


ENTMISCHUNG TERNARER LOSUNGEN 
Monodisperse Losung 

Es sei Ell die Wechselwirkungsenergie zweier Bausteine verschiedener 
Fadenmolekiile, Ess die zweier Molekiile des Fallungsmittels und Eu die 
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Wechselwirkungsenergie eines Bausteins mit einem Molekiil des Fallungs- 
noitteL AUe diese Enerpen sind auf die in Bezug auf die FadenmolekUle 
und das Fdllungsmittel unendlich verdiinnte LSsung ncntniert. Wir setzen 
fur alle Energieparameter E < RT voraus. Da wir uns hier auf isothorme 
Probleme bescbranken, bedeutet dies lediglich eine Vereinfachung der 
Schreibwase. Die Ergebnisse werden davon nicht beriihrt. Die auf 
die Reinen Komponenten bezogenen chemischen Potentiate rind dann: 


Aw = RT jin nJ - In nz + ““ ml - “ 2) ^ ^ + 


z - 2 


/En • . 1 Eu *\\ 

- |ln [l - (l - 1)] - i|| + 


1 z “ 2 Eu 

2~7~Kr 



Fiir ein Gleichgewicht zwischen zwei temaren Phasen lauten die Gleich- 
gewichtsbediiigungen: 


Wo “ MV* 

Wo = (35) 

Wo = Mss 

Das aus Gi. (32)-(35) folgeude Gleichungssystem ist praktisch unliisbar. 
Versuche von Schulz und Jirgensons* sowie von Bronsted und Volqvartz 
haben nun gezeigt, dass auch bei temaren Systemen die eine Phase prakt¬ 
isch frei von Fadenmolekiilen ist. Wir konnen daher auch hier eine 
analoge N'aherung wie bei den binarem System anwenden und die erste der 
Gl. (35) unberiickrichtigt lessen. Wir haben somit die expliziten Gleich- 
gewichtsbedingungen (wenn der Index /3 die Gelphase bezeichnet): 

und: 
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In nJ, — 


i En , En * 


In ^ In 1^1 



f I 1 ^ 2 E\z * , En * 

2 RT '^2 z * at"*' 


(37) 


Wir wollen diese noch immer ziemlich komplizierten Gleichungen nur 
fiir den Spezialfall diskutieren, dass En = £?«, = 0 ist. Physikaliscb 
bedeutet diese Annahme, dass die Losungen der Komponente 1 (Faden- 
molekiile) bzw. 3 (Fallungsmittel) in 2 (Losungsmittel) keine Verdiinnimgs* 
warme zeigen. Subtrahiert man (37) von (36) und eliminiert in (37) 
nL so ergibt sich: 


(1 - N*^ - N,*^) exp Q ^ (nJj - 1) Ntflj + 

. _r 2Nt^/ i\y* r iz-2£;„ .1 


(38) 


Diese Gleichung gibt den Zusammenhang zwischeii den Konzentra- 
tionen der Fadenmolekiile und des Fallungsmittels in der Gelphase. Die 
Zusarnmensetzung der a-Phase kann dann nach Gl. (37) berechnet werden. 


1 



2 —> 

Abb. 3. Entmischimg etner ter- 
hfiren Lbsung nach Gl. (36) und (37) 
fiir Eu ■» Ett * Eit ** 3000 cal.^ T* ■* 
298® abs.y n — 1000, » * 4. Konzen- 
trationen in Volumprozenten. 


In Abb. 3 ist das Entmiscbungsdiagramm eines ternaren Systems nach 
Gl. (36) und (37) fiir “ 0 dargestellt. In seinem allgemeinen 

Charakter entspricht es dem von Schulz und Jirgensons* sowie Bronsted 
und Volqvartz experimentell gefundenen Diagrammen. Insbesondere 
wird die von den genannten Autoren gefundene Tatsache, richtig wieder- 
gegeben, dass das Fallungsmittel in der Solphase angereichert ist.'* In 
Tabelle I ist dieser Effdit in Zahlen dargestellt. 
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TABELLE I 

Anreicherung des Fallungsmittels in der Solphase 
NACH Gl. (37) UND (38) 



nr* / ♦ 


0.1 

89.0 

76.0 

0.2 

39.0 

30.3 

0.3 

22.4 

15.4 

0 4 

14.0 

9.0 

0.5 

9.0 

4.89 

0.6 

5.66 

1.85 

0.7 

3.23 

1.44 

0.8 

1.47 

0.61 

0.9 

0.05 

0.02 


Auffalleiid ist in Abb. 3, dass sich das Gebiet der vollstandigen Misch- 
barkeit in Richtung auf hoherc Konzentrationen der F^adenraolekiile ver- 
breitert. Ein derartiges Verhalten ist verhaltnismassig selten, aber von 
Bronsted und Volqvartz an dem System Polystyrol-Propyllaurat- 
Athyllaurat tatsachlich beobachtet worden. Dies ist umso bemerkens- 
werter, als zum mindesten die Voraussetzung Ezz == 0 hier mit einiger 
Annaherung erfiillt ist. Ans Gl. (37) und (38) folgt schliesslich noch, dass 
fiir hinreichend grosse n der Verlauf der Entmischungskurve unabhangig 
vom Polymerisationsgrad ist. Auoh dies ist von Bronsted und Volqvartz 
experimentell bestatigt worden. 

Poly disperse Lbsung. Fraktionierte Fallung 

In analoger Weise wie bei binaren Losungen kann auch hier gezeigt 
werden, dass die Ableitungen des vorhergehenden Abschnittes mit hin- 
reichender Genauigkeit fiir polydisperse Losungen gelten. Es ist indessen 
nicht moglich, auf diesem Wege zu einer Theorie der fraktionierten Fallung 
zu gelangen, denn hier befindet sich iiber einen weiten Bereich cine ver- 
diinnte Losung der Fadenmolekiile im Gleichgewicht mit der Gelphase. 
Dieser Widerspruch ist, wie schon Schulz und Jirgensons^ bemcrkt haben, 
wahrscheinlich dadurch zu erklaren, dass der im vorhergehenden Abschnitt 
benutzte Ansatz ein Grenzgesetz fiir unendliche hohe Polymerisationsgrade 
darstellt. Bronsted und Volqvartz bemerken ausdriicklich, dass sie die 
kritischen Punkte mit der hochstmolekularen ihrer Polystyrolfraktionen 
bestimmt haben. 

Fiir'ein System aus zwei polydispersen ternaren Phasen lauten die Gleich- 
gewichtsbedingungen ; 

filna - mnP {n > 1 ) 

M2a = (39) 

Eine vollstandige Losung dieses Gleichungssystems kommt hier naturge- 
mass noch weniger in Betracht als in den vorher bebandelten Fallen. Es 
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ist indessen moglich, lediglich aus den Gieichgewichtsbedingungen fiir die 
Fadenmolekiile einige bemerkenswerte Folgerungen abzuleiten. 

Fiir das chemische Potential der Fadenmolekiile vom Polymerisations- 
grad n gilt hier: 




Afiin = RT sin Ni„ — In nz + 


— 2 A Ti Ew 


z - 2 


(Ew • , 1 Eiz 


Daraus folgt mit (39): 

S ■ { “r^" [(* + i?)!”'' “ 


1^ • 
2 RT 



(41) 


Auf Grund der Ergebnisse des vorhergehenden Abschnitts vernachKssi- 
geii wir N*„ gegcn nJ'p und Ns^/Nja gegen 1. Mit der Beziehung: 


/ («)<» ^ riiaf{n)0 

f{n)a nif(n) - nw/(n)/» 


(42) 


erhalten w ir dami: 

/(«)-» = 


Ni„ni/(n) 


(z-2 r/, , Au\ . ,1i 

Ni^riia exp < ~ - n I ^ + ^ 7 ^ J ~ 2 ^ 


Fiir das weitere setzen wir zur Abkiirzung; 

: - 2 / ^ En\ , 1 z - 2 


(43) 


(44) 


Wir multiplizieren jetzt Gl. (43) mit n dn und integrieren Uber alle 
Polyrnerisationsgrade. Damit wird: 


Ni^- 


rii 


flTlia + Tha + n^a 


nfin) (exp {n - hislj } + ^ ^ dn (45) 


Fiir die meisten Falle konnen wir das Volumeri der Phase ohne grossen 
Fehler mit dem Gesamtvolumen identifizieren. Bezeichnen wir den ge- 
samten Volumenbruch der Fadenmolekiile mit nJ so erhalten wir fiir den 
Volumenbruch der Fallung, die durch Zusatz einer dem Volumenbruch 
Nja entsprechenderr Menge Fallungsmittel entsteht. 


“ (Nl/n) ^ n/(n)[exp {n(gfNl)j - /inj«)} + vl“‘ <bi 


(46) 
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Der Bruchteil der Gesamtmasse der Fadenmolekiile, der in die F&Ilung 
geht, sei: 

n% s mw/mi * (NiVNr)^P (47) 

Au8 GL (46) und (47) folgt: 

til0 iW ^) /^f(n)[exp {n(flrNr^ - HnU)] + «»)“* dn (48) 

Aus dieser Beziehung ergibt sich, dass zwar ein Zusammenhang besteht 
zwischen dem gefallten Massenbruchteil der Fadenmolekule und der 
Menge des zugesetzten Fallungsmittels, aber nicht zwischen Miis und dem 
Polymerisationsgrade n. Es ist daher prinzipiell unmoglich, ohne zusatz- 
liche Aniiahmen aus Fallungsversuchen die Verteilungsfunktion der 
Polymerisationsgrade des Ausgangsproduktes exakt zu ermitteln. Die 
Frage, in welcher Weise durch zweckmassige Hilfsannahmen trotzdem 
eine angenaherte Bestimmung von/(n) erreicht werden kann, wird in einer 
spateren Arbeit diskutiert werden. 

Fur die Verteilungsfunktion der Polymerisationsgrade in der Fallung 
folgt aus GL (43) : 




/(n)[exp {ft(gNrtf - hNi„)} + _ 

fin) [exp {n(gN*|j - /»Ns«) } + dn 


Wir fiihren jetzt die Massenverteilungsfunktion: 

^(n) = {n/n)f{n) (50) 

ein. Sie gibt die Gewichtsmenge von Fademnolekiilen des Polymerisa- 
tionsgrades n die in 1 g. Substanz enthalten sind. Damit wird aus (49); 

n ^A(fi)[exp {ra(gNr^ - .... 




(n/ra) ^(n)[exp {n(gNl'^ - Wo)} + <p]~* dn 


Wegen: 




nfin)p dn 


folgt dcg*aus mit GL (48) und (49) fur die Massenverteilungsfunktion der 
Fallung: 

)l'in)0 = (v//*r/j)iA(n)[exp {nigvitp - Wo)} + »>]~* (53) 

Diese Funktion bezieht sich auf 1 g. gefallte Substanz. Fur Firaktion- 
ierungsprobleme ist es gunstiger, die Funktion auf 1 g. Ausgangssubstanz 
zu beziehen. Bezeichnen wir die in dieser Weise normierte Massenva- 
teilungsfunktion mit ^*(n) und fuhren noch die Abkurzung ein: 

5 ^ - hcil. 


( 54 ) 
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SO witd: 

rin) ~ + 1) (55) 

Diese Gleichung bildet die Grundlage fiir die Theorie der fraktionierten 
Fallung* Die Grosse 6 kann nach Gl. (54) sowohl positiv wie negativ 
sein. Aus Gl. (55) folgt indessen, dass eine Fraktionierung im iiblichen 
Sinne, bei welcher die jeweils hdchstmolekularen Anteile zuerst auafallen, 
nur moglich ist, wenn 6 < 0 ist. Wenn dagegen 5 > 0 ist, so werden die 
niedrigmolekularen Anteile zuerst gefallt. Dieser Effekt ist von Morey 
und Tamblyn*’^^ an den Systemen Celluloseacetobutyrat-Aceton-Isopro- 
pylather, Celluloseacetobutyrat-Pyridin-Isopropylather, Celluloseaceto- 
butyrat-Eisessig-Isopropylather tatsachlich aufgefunden und als “reverse 
order precipitation” bezeichnet worden. Mark** hat ihn ebenfalls an 
Losungen von Celluloseacetobutyraten beobachtet. Wir selbst haben 
den Effekt an dem System Cellulosetriacetat-Tetrachlorathan-Petrolather 
nachweisen konnen. Ob eine “reverse order precipitation” eintritt kann 
nur das Experiment entscheiden. Aus der Theorie lasst sich aber ent- 
nehmen, welche Umstande ihr Auftreten begiinstigen. Beriicksichtigen wir, 
dass (wie an anderer Stelle gezeigt wird) stets Eiz > 0 und nach Gl. (46) 
proportional der Ausgangskonzentration nJ ist, so folgt aus GL (44) 
und (54), dass umso eher 6 > 0 wird und damit “reverse order precipita* 
tion” eintritt, je hoher die Konzentration der Ausgangslosung und je 
kleiner Eiz, die “Fallungskraft” des Fallungsmittels ist. Indessen ist 
die “reverse order precipitation” nicht eine einfache Umkehrung der 
normalen Fallung, sondern ein ganz andersartiger Vorgang. Im letzteren 
Falle ist namlich nach Gl. (55); 

fiir n -► ^*(^)/^(w)-► 1 

fiir n -► 0 ^*(n)/^(n)-► v?/(l + ^), 

sodass die hochstmolekularen Anteile praktisch quantitativ ausfallen, 
wahrend bei geeigneter Wahl von ^(^ 1) kaum niedrigmolekulare An¬ 

teile in der Fallung enthalten sind. Dagegen ist bei “reverse order pre¬ 
cipitation”: 

n -► 0 ^*(n)/^(fi)-► (p/{l + v>) 

sodass nur ein Bruchteil der niedrigmolekularen Anteile mit der ersten 
Fraktion ausfallt und diese auch in den folgenden Fraktionen in erheb- 
licher Menge enthalten sind. Dies hat zur Folge, dass die ersten Frak¬ 
tionen sich nur relativ wenig in ihrem mittleren Polymerisationsgrad 
unterscheiden und sehr stark polydispers sind. Da nach G. (44), (46), 
(54), und (55) fiir nJ 0 jedenfalls normale Fallung stattfindet und die 
Ldsung sich im Laufe einer Fraktionierung zunehmend verdiinnt, muss 
mit fortschreitend^ Fraktionierung ein Umschlag von “reverse order pre¬ 
cipitation” zu normaler Fallung eintreten. Die Folge der mittleren Molek- 
ulargewichte der Fraktionen durchlauft also mindestens ein M aximu m, 
Der Umschlag zu normaler FBllung kann sich durch einen Sprung in der 
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Folge der mittlereii Molekulargewichte markiejeu, doch muss dies nicht 
unter alien Umstanden zutrefFen. Bereits vor dem Umschlag kann ein 
zweites Maximum auftreten wenn in diesem Gebiet > 0 wird. 



Abb. 4. Masscnverteilungsfuiikiion einer Frakiion bei 
normaler Fallung und “reverse order precipitation/’ 
Ausgangsprodukt niit Kuhn’scher Verteihing. Kiirve I: 
Ausgangsprodukt, a « 10~^ Kurve 11: Frakiion bei nor¬ 
maler Fallung, 5 — — 4.6 X 10“^; <p 10”®. Kurve III: 
Fraktion bei “reverse order precipiiaiion,” 6 = S X 



400 800 3 200 1600 2000 


n 

Abb. 5. Massenverteilungsfunktion einer 
Fraktion bei normaler Fallung und “reverse 
order precipitation.” Ausgangsprodukt mit 
Gauss’seher Verteilung. Kurve 1: Ausgangs¬ 
produkt, k = 10'"*; nmax- ® 10®. Kurve Hr 
Fraktion bei normaler F'Tlung, 3 * — 4 X 10~*; 
<P = 10”®. Kurve III: Fraktion bei “reverse 
order precipitation,” 5 * 8 X 10”^; ^ « 1. 


In Abb. 4 ist die erste Fraktion eines Ausgangsproduktes bei normaler 
Fallung und “reverse order precipitation” dargestellt. Dabei ist fiir das 
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Ausgangsprodukt die von Kuhn^* berechnete Verleilungsfunktion abge- 
banter Faderunolekiile: 


^(n) = na^l ~ o)” (56) 

aiigeiioirinieii worden, wo a den Bruchteil der aufgespalteneii Bindungen 
bezeichnet. In Abb. 5 isl die gleiche Darstellung fiir ein Ausgangsprodukt 
mit Gauss’seher Verteilung: 

xpin) = k exp [-7rk(n - (57) 

gegeben, wo n^ax der dein Maximum von ^(n) entsprechende Wert von n 
und k eine Konstante ist. Der vollig versehiedene Charakter der Frak- 
tioiien bei normaler Failuiig und “reverse order precipitation” isl aus den 
Kiirven deiitlich zii ersehen. Jm letzteren Fallc ist die \’erteilung der 
Fraktion nahezu ein verkleinertes Abbild der \ erteilung des Ausgaiigs- 
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n 

Abb. 6. Fraktionierimg bei “reverse order precipita¬ 
tion.” Kurve I; Ausgangsprodukt (Kuhn'sche Vcrtcil- 
ung). Kurve II: 1. Fraktion. Kurve III: 2. Fraktion. 
Kurve IV; 3. Fraktion. Kurve V: 4. Fraktion^ Parameter- 
werle siehe Tab. If. 


TABELLE II 

Fraktionierung bei “Reverse Order Precipitation” 


Ausgangsprod ukt 

— 

— 

1073 

Fraktion 1 

8 10~* 

1 

665 

Fraktion 2 

4 10-* 

1 

945 

Fraktion 3 

8.10-^ 

5 X 10“» 

779 

Fraktion 4 

-5.10“* 

1 X io-> 

1760 

Fraktion 5 

-4.10~» 

1 X 10“* 

1890 

Fraktion 6 

— 

— 

560 

luktes. Abb. 6 zeigt den Verlauf einer 

Fraktionierung bei 

“reverse 


order precipitation.” (Die letzten zwei Fraktionen sind der Cbersicht- 
Uchkeit halber fortgelassen.) Man sieht daraus, wie stark die Fraktionen 
polydispers sind und sich gegenseitig iiberschneiden. In Tabelle II sind 




350 


ARNOLD MUNSTER 


die benutzlen Parameterwerte und die mittleren Molekulargewichte der 
Fraktionen zusammengestellt. 

Man sieht daraus, dass die ersten Fraktionen sich nur wenig in ihrem 
mittleren Polymerisationsgrad unterscheiden und dass die Folge der 
Molekulargewichte zwei Maxima durchlauft. 

Die vorstehenden Folgerungen aus der Theorie werden durch die Ex- 
perimente ausgezeichnet bestatigt. Dass bei Iiinreichender Verdiinnung 
stets normale Fallung eiritritt, haben Morey und Tamblyn^ durch Versuche 
mit fraktionierten Produkten gezeigt. Ein geeignetes Mass fiir die 
“Fallungskraft” ist der Volumenbruchteil von Fallungsmittel, der bis zum 
Auftreten der ersten Triibung zugesetzt werden muss; er ist, wie an 
anderer Stelle gezeigt wird, proportional I/E 13 . Wahrend etwa eine, 
0 . 5 %ige Losung von Nitrocellulose in Aceton sich schon bei Zusatz von 
ca. 10 % Wasser triibt, muss man zu einer l%igen Losung von Cellulose- 
triacetat 45% Petrolather zusetzen, bis die erste Trubung auftritt. Der 
experimentelle Verlauf einer Fraktionierung bei “reverse order precipita¬ 
tion” besitzt ganz den Charakter, wie er sich aus Abb. 6 und Tabelle II 
ergibt. Wir zeigen dies zunachst in Tabelle III an einem Beispiel, dass 
der Arbeit von Morey und Tamblyn® entnommen ist. 


TABELLE III 

Fraktionierung einer 5%igen Losung von Celluloseacetobutyrat 
IN Eisessig durch Fallen mit Isopropylather nach Morey und 

Tamblyn® 


Fraktion 

No. 

{J c-o.» 

Fraktion 

No. 


1 ... . 

. 1 63 

8.... 

... 1.93 

2. 

. 1.78 

9 ... 

... 1 71 

3. 

. 1 58 

10.. . 

... 1 34 

4. 

. 1.48 

11. 

... 1.17 

5. 

. 2.06 

12... 

. . 0 95 

6 . 

. 2 67 

13. ... 

. . 0.69 

7. 

. 2 21 




Die Autoren geben keine Polymerisationsgrade an, sondern nur Visko- 
sitaten. Tabelle IV zeigt unsere eigenen Ergebnisse an einem Linters- 
Triacetat vom viskosimetrischen Durchschnittspolymerisationsgrad DP = 
446. Die Tabelle gibt viskosimetrische Durchschnittspolymerisations- 
grade.- 


TABELLE IV 

Fraktionierung einer 1%igen Losung von Linters-Triacetat in 
TetrachlorXthan durch Fallen hot Petrolather 


Fraktion 

DP 

Fraktion 

DP 

A417/4a. 

... 426 

A 417/4d. 

... 412 

A 417/4b. 

.. . 438 

A 417/4e. 

... 425 

A 417/4C. 

... 416 

A 417/4f. 

... 403 
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Tabelle V enthalt die entsprechenden Daten fiir ein Triacetat aus 
veredeltem Fichtenzellstoff vom viskosimetrischen Durchschnittspoly- 
merisatioiisgrad DP = 568. 


TABELLE V 

Fraktionierung einer 1%igen Losung von Fichtenzellstoff-Triace- 

TAT IN TeTRACHLORATHAN DURCH FaLLEN MIT PeTROLATHER 


Fraktion 

DP 

Fraktion 

DP 

A396/la.. .. 

... 353 

A 396/ld. 

. . 341 

A 396/lb. 

... 397 

A 396/le. 

... 336 

A 396/lc. 

... 390 

A 396/lf. 

... 235 


TABELLE VI 

Fraktionierung einer 1%igen Losung von Linters-2V2-Acetat in 
Acb:ton DURCH Fallen mit Petrolather 


Fraktion 

DP 

Fraktion 

DP 

40/la. . 

. . . 654 

40/ld . 

.... 178 

40/lb. 

... 622 

40/le . 

. . .. 53 

40/lc . 

.... 390 




Beinerkenswert ist iii diesem Zusarnmenhang, dass das System Cellulose- 
2 V 2 Acetat-Aceton-Petrolalher in l%iger Losung normale Fallung zeigt. 
Die betreffenden Daten sind in Tabelle VI zusammengestellt. 

Aus den vorstehenden IJntersuchungen ergibt sich, dass Systeme mit 
“reverse order precipitation” weder zur Gewinnung einheitlicher Frak- 
tionen noch zur Ermittiung der Verteilung der Polymerisationsgrade im 
Ausgangsprodukt dienen konnen. 

Morey und Tarnblyn® haben zur Erklarung der reverse order precipita¬ 
tion einen besonderen Endgruppeneffekt angenommen. Diese Annahme 
erscheint von vorneherein sehr gekiinstelt. Die obigen Rechnungen 
zcigen, dass sie auch uberfliissig ist, denn das Auftreten der “reverse order 
precipiration” ist eine einfache Folgerung aus der thermodynamisch- 
statistischen Theorie der polydispersen ternaren Systeme. 
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Zusammcnfassung 

Die Theorieder Uislichkeit iio(!hpolyinererFadenmolekule wird auf der Gruiidlage der 
Therniodynainik und der statistischen Theorie der polydispcrsen Losung entwickelt. 
Die Behandlung dos Verteilungsgleicligewiclites zwischen zwei nicht rnischbaren IJisungs- 
initteln ergibt fiir rnonodisperse Lbsungen die von G. \ . Schulz angegobenc F(»rincl als 
Grenzgesetz bei unendlicher Verdiinnung, wahrend bei endlichcn Konzentrutionen der 
Zusatninenhang zwischen Teilungsverhaltnis und Polyinerisationsgrad koinplizicrler ist. 
Die I fntersuchiiiig der polydispersen Lbsung zeigt iiberraschenderweise, dass hier der 
von G. V. Schulz postulierte Zusainineiihang auch bei endlichen Konzentrationeii gilt. 

Fiir die Entrnischung eiiier binaroii luiSsung ergibtsich, dass die kritisclie Konzentra- 
tion bei sehr niedrigen Koiizentrationen der Fadenmoickiile liegt und dass die kritis(»h(» 
Ternperatur nur schwach init dern Polymerisationsgrad aiisteigt. I Inter der \Oraussetz- 
ung, dass die Solphase praktisch frei von Fadorirnolekiilen ist, wird die Eiitinischungs- 
kurve berechiiet und eiiic Forriiel i’iir den Quellungsgrad in Abliangigkeit von der 'rein* 
peratur angegeben. Die Theorie erklart die allgerncineii l/cisludikeitseigenschaflen 
hochfjolymerer Substanzen und zeigt insbesondere, dass auch Nic^hilbsungsmittel stets 
quellend wirken. b]ine derartige begrenzte Quellung ist daher »n<'ht (lurch eine Netz- 
struktur bedingt. Fiir hochpolymere Produkte ist die Zusanimensetzung d(*r Cit*lphase 
bzw. der Quellungsgrad unalihangig voin Polymerisationsgrad. Der \ergleich der 
theoretisclieii Entmischungskurve mit den experimontellen Ergebnissen zeigt in alien 
wesentlichen Ziigen eine gute {.'bereinstirnmung. Die Ausdehnung der I intersuchung 
auf polydisi)erse Lbsungen ergibt, dass die Entmischungskurve praktis(;h unabhangig 
von der Verteilung der Polymerisatioiisgrade ist. 

Die Entrnischung teriuirer Systeme wird zunachst unter der Voraussetzung behandelt, 
dass die Solphase keinc Fadenmolekiile enthalt. Fiir einen Spt'.zialfall wird ein voll- 
stiindiges Entniischungs-Diagrarnin lierechnet, das gute 1 Ibereinstimmung mit ex|>eri- 
mentellen Ergebnissen von Bronsted und Volqvartz zeigt und insbesond<Te die Anreich- 
erung des Fallungsmittels in der Solphase wiedergibt. Auch diese Ergebnisse sind fiir 
polydisperse Lbsungen unabhangig von der Verteilung der Polymerisationsgrade giiltig. 

Ausgehend von der Gleiciigewichtsbediiigung fiir die gelbsten Fadenmolekiile wird 
eine Formel fur die Masscnverteilungsfunktion einer Fallung abgeleitet. Diese entlialt 
einen Parameter 5, der sowohl positiv wie negativ sein kann. Fiir 5 < 0 beschreibt die 
Formel die iibliche Fraktionierung. Fiir 5 > 0 tritt die von Morey und Tamblyn eiit- 
deckte “reverse order precipitation” auf, bei welcher die niedrigmolc^kularen Anteile 
zuerst ausfallen. Die Eigenschaften der “reverse order precipitation” werden a us der 
Theorie in Ubereinstirnmung mit den experimentellen Ergebnissen entwickelt. Es 
wird gezeigt, dass die Fraktionen in solchen Fallen sehr stark polydispers sind und sich 
iiberschneiden. Systeme mit “reverse order precipitation” sind daher zur Herstellung 
einheitlicher Fraktionen und zur Ermittlung der Verteilung der Polymerisationsgrade 
im Ausgangsprodukt unbrauchbar. Es wird iiber einen neuen Fall von “reverse order 
precipitation” bei dern System Cellulosetriacetat-Tetrachlorathan-Petrolather berichtet. 
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Resum^ 

La th6orie de la solubilite des molecules polym^rea liii^aires est d6veIopp6e en se basant 
sur la therrnodynarnique et la theoric statistique des solutions polydisperses. Quaiid on 
envisage T^uilibre de partage entre deux solvants non miscibles, on retrouve pour des 
solutions nionodisperses la forrnule doim^^ par G. V. Schulz, comme forraule limite aux 
dilutions infiriies, tandis que iK)ur les concentrations finales le rapport de partage et le 
degre de polymerisation est plus complique. L’examen de solutions polydispers^s 
indique de fagon trf>s ^tonnante, que la relation de Schulz garde sa validite aussi pour les 
concentrations finales. 

Dans le eas de la dernixtion d’uiie s<jlution binaire, la concentration critique est tr^s 
basse pour les tnol^(‘ules lin^aires, et la temperature critique ne croit que faiblement avec 
le degr^ de fM)lymerisation. Kn supf)osant que la phase liquide est pratiquement ex- 
ernpte de poly mere IhiAaire, on a calculc la courbe de dernixtion et une forrnule est in- 
diquei^ pour la defiendance thermique du degre de gonflement. La thwirie explique les 
propriAtes de solubilite generales des substances macromolec^ulaires et montre, en par- 
ticulier, (jue des noU’Solvants agissent tmijours comme gonflants. 

I in gonflemeni limite de cette nature n’esl [)as du a une structure en reseau. Pour les 
jK)lym^res la composition de la phase gtdifi(V ainsi que du degre de gonflement sont in- 
d^pendanls du degre de polymerisation. I^a comparaison de la courbe de dernixtion 
th«)rique av(‘c les resultals exjrerimenlaux montre dans tons les cas une bonne corre¬ 
spondence. L*e\t<‘nsion de cet exarnen aux s(dutions polydispersees montre que les 
courbes de dernixtion son( pratirpiernent independants de la r epartition des poids rnolec- 
ulaires. La dernixtion de systernes ternaires a ete traitee en supp(^sant que la phase- 
sol ne contient aucune molecule lineaire. Dans un cas particulier, on a calcule un dia- 
grarnme cornplet de dcMuixtion il se montre en hm accord avec les resultats experimen- 
taux de Rronstad et \ olqvarlz, et en particulier, il rend cornpte de renrichissernent en 
prwipitant dans la {)hase-sol. Os r^iiHals soul %alement applicables dans le cas de 
solutions jrohdipersees, independarriment de la repartition des fM>ids rnoleculaires. 

Heceixed May 15, 1919 
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Inhibiting Effect of Acrylonitrile on Polymerization 
of Vinyl Acetate 

WILLIAM R. CONN and HARRY T. NEHER, Rohm # Haas Co., Inc., 
Philadelphia, Pennsylvania 


In the course of an investigation of tiie copolymerization in emulsion of 
vinyl acetate and acrylonitrile, it was observed that mixtures of approxi¬ 
mately equal weights of the two monomers polymerized readily, whereas, 
mixtures containing only 5“10% acrylonitrile failed to polymerize under 
similar conditions. It was of interest, therefore, to investigate in some 
detail the influence of various ratios of these two monomers on the course 
of their polymerization. The investigation showed not only that acrylo¬ 
nitrile retards the polymerization of the mixture, but that this retarding 
effect incxeases as the ratio of acrylonitrile to vinyl acetate decreases 
until, at about 1% concentration in the monomer mixture, acrylom'trile 
becomes an effec'tive polymerization inhibitor. This effect of increasing 
inhibition with decreasing acrylonitrile concentration is contrary to the 
usual behavior of polymerization inhibitors. No satisfactory explanation 
of this anomalous behavior is apparent to the authors on the basis of the 
available data, but the effect is believed to be of sufficient general interest 
to deserve the attention of other workers in the field. 

EXPERIMENTAL 

Materials 

The vinyl acetate was fractionated until it remained colorless on shaking 
for one minute with Fuchsin reagent. The acrylonitrile, ethyl metha¬ 
crylate, and styrene were fractionated samples of commercial materials. 
The methacrylonitrile was fractionated until its refractive index at 20® 
was 1.4006-1.4008. The acrylic acid, acrylamide, and methacrylamide 
were prepared in high purity by known methods. The Triton 720, am¬ 
monium persulfate, benzoyl peroxide, and ethylene dichloride were of com¬ 
mercial quality; the same lots of each were used throughout this work. 
Distilled water was used in the emulsion polymerizations. 

Apparatus 

The emulsion polymerizations were carried out in a three-liter, three¬ 
necked flask equipped with a propeller-type agitator, thermometer, a 
sampling tube reaching near the bottom of the flask, and inlet and outlet 
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tubes for nitrogen. Bubble counters were placed in the inlet and outlet 
lines. The sampling tube led downward through an eight inch condenser 
delivering into a 250 cc. Erlenmeyer flask. The flow of nitrogen was 
measured by a flow-meter containing two orifices, one to indicate the 
range 3-15 cc. per minute, the other 200-800 cc. per minute. The tem¬ 
perature was controlled by a water bath over a Bunsen burner. 

The solution polymerizations were (tarried out in the same apparatus 
but with a stirrer consisting of a glass rod bent in a semicircle. 

Emulsion Polymerization 

The following were heated in a three liter flask: 825 cc. distilled water; 
36 g. Triton 720; and 36 g. of a 25% solution of sodium a-hydroxyoctadec- 
ane sulfonate in water. This solution was freed from air by heating to 
95° over a period of fifteen minutes, with nitrogen passing through at the 
rate of 450 cc. per minute and the agitator at 500 r.p.m. A cold bath 
was then applied, and the nitrogen flow incTcased to 800-900 cc. per minute 
in order to maintain a slow stream of nitrogen from the outlet. As soon 
as the cold bath was applied, a high flame was placed under it, so that in 
a few minutes the bath temperature was ( lose to 50°. When the tem¬ 
perature of the solution reached 63°, there were added to it 3.0 g. am¬ 
monium persulfate and 600 g. monomer, the temperature dropping to 
49-51°. The agitator speed was increased to 1200 r.p.m. for thirty seconds 
to emulsify the monomer thoroughly, then reduced to 500 r.p.m. for the 
remainder of the run. The flow of nitrogen was reduced to 5 cc. per 
minute. The emulsion was held at 50° =*= 0.5°; the batli often had to be 
cooled to 46-47°. After forty-five minutes the removal of samples was 
begun. Samples were taken by increasing the flow of nitrogerj and pinch¬ 
ing closed the rubber tube leading from th(‘ outlet tube to the bubble 
counter at the end of the system; this forced emulsion up the sampling 
tube and down through the condenscT into a weighed 250 cc. Erlenmeyer 
flask containing 2 3 mg. of hydrocfuinone. Wluui sufficient sample was 
obtained, the flow of nitrogen was reduced to 5 cc. per minute. The 
samples were usually 30-80 g., weighed to the nearest 0.1 g.; the larger 
samples were taken in the early stages of conversion. 

Isolation of the Polymer 

After the sample was weighed, methanol was added until the polymer dis- 
solve(l or coagulated. Steam was then passed through, removing the 
methanol and unchanged monomer, and leaving the polymer as a porous 
mass that could be cut into thin slices with scissors or as a powder that 
could be'filtered. Occasionally some polymer redispersed during the 
steam distillation; this coagulated on addition of saturated sodium 
(chloride solution. Excessive foaming during the steam distillation was 
prevented by the addition of a trace of Dow Corning Antifoam A. The 
polymer was separated from the water-soap mixture, broken or cut into 
small pieces, washed repeatedly with cold water, and dried overnight. 
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usually at 70°; when styrene was used, the samples were dried at 90°. 
The efficiency of this method of isolation was demonstrated by the follow¬ 
ing experiment. In a vinyl acetate:styrene (1:1) polymerization, the 
polymer samples were dried overnight at 90°. The least porous of these 



HOURS 


Fig. 1. The effect of 8mall quantities of acrylonitrile on the 
polymerization of vinyl acetate in emulsion. Solid points ob¬ 
tained by adding 0.25% acrylonitrile to a polymerizing emulsion of 
vinyl acetate. 

samples was broken into small pices and a weighed sample heated at 150° 
for two hours, losing 1.3% by weight; this is within the limits of experi¬ 
mental error. A more porous sample lost only 0.6% by w eight. 
f After drying, some of the polymer samples were analyzed for nitrogen 
(Kjeldahl). 
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Solution Polymerization 

A mixture of 900 g. ethylene dichloride and 600 g. vinyl acetate was 
heated to refluxing with stirring, with nitrogen passing through at 7 cc. 
per minute. When the vapor reached the outlet tube, the temperature 
was lowered to 70°. Benzoyl peroxide (1.5 g.) was then added and the 



HOUftS 

Fig. 2. The polymerization of vinyl acetate with larger amounts 
of acrylonitrile in emulsion. 


nitrogen flow set at 5 cc. per minute. Subsequent proc edure was tlie same 
as for the emulsion polymerizations. In the absence of emulsifier, no 
Antifoam A was necessary in the steam distillations. 

All the polymerizations described were carried out under the above con¬ 
ditions, except where changes are noted in temperature or amount of 
catalyst. 
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RESULTS AND DISCUSSION 

Copolymerization of Vinyl Acetate and Acrylonitrile in Emulsion 

The inhibitory effect of small amounts of acrylonitrile on the poly¬ 
merization of vinyl acetate is shown in Figure 1. Vinyl acetate poly¬ 
merizes readily under the conditions of these experiments, after an induc- 



F'ig. 3. Change in polymer cH^mposition with per cent conver¬ 
sion of vinyl acetate-acrylonitrile mixtures in emulsion and solu¬ 
tion. 

tion period of approximately one hour. The addition of 0.02, 0.05, 0.1, 
and 0.25% (by weight) of acrylonitrile to the vinyl acetate increased the 
induction period to two, three, four, and seven hours, respectively. In 
each of these experiments, at the end of the induction period, the poly¬ 
merization proceeded at a normal rate. In one run, 0.25% acrylonitrile 












360 


WILLIAM R. CONN AND HARRY T. NEHER 


was added to a polymerizing emulsion of pure vinyl a(*etate at 28% con¬ 
version; the polymerization stopped immediately. With 1% acrylonitrile 
in the vinyl acetate, only 5% of the monomer polymerized during the 
first thirteen hours; possibly this period would have been followed by 
rapid polymerization if the experiment had been prolonged. Increasing 
the acrylonitrile content of the monomer to 5% increased the rate of 
polymerization considerably beyond that obtained during the long slow 
reaction period of the monomer containing J% nitrile, although the con¬ 
version was still much slower than that of vinyl acetate alone. This 



Fig. 4. The polymerization of the individual monomers in vinyl aeetate- 
acrylonitrile mixtures in emulsion. 


trend was more pronounced when the nitrile content of lla^ inunoincr was 
increased to 25~ 50% as shown in Figure 2. With increasing iunounts of 
nitrile, the rate of conversion increased until, with 50% nitrile, the reac¬ 
tion was almost as rapid as that of vinyl acetate alone. With 50% nitrile, 
much of the polymer coagulated at 53% conversion. Using the terms 
“inhibitor” and “retarder” as defined by Koltholf and Bovey, acrylonitrile 
acted as an inhibitor when present in amounts up to 0.25%, and as a 
retarder when over 1%. However, the retarding effect of the nitrile was 
inversely proportional to the amount present. 

The presence of 1% ac^etonitrile had no effect on the polymerization of 
vinyl acetate. 

The change of polymer composition with conversion of vinyl acetate:- 
acrylonitrile mixtures, in emulsion and in solution, is shown in Figure 3. 
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From these data were calculated the conversion-time curves of the in¬ 
dividual monomers; these are shown in Figure 4 (emulsion) and Figure 7 
(solution). In emulsion, the nitrile portion of the monomer mixture poly¬ 
merized muesli more rapidly than did the vinyl acetate portion. With 



Fig. 5. The effecl of increasing the temperature or catalyst on 
the polymerization of vinyl acetate containing small amounts of 
acrylonitrile in emulsion. 


equal parts by weight of acrylonitrile and ^in>l acetate, the nitrile poly¬ 
merized more rapidly than did pure vinyl acetate by itself and the vinyl 
acetate also polymerized fairly rapidly. As the nitrile content of the 
monomer was decreased, the polymerization of both the nitrile and vinyl 
acetate became slower until, with 1% nitrile, the reaction was extremely 
slow. Witli 0.25% nitrile, however, after an induction period of seven 
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hours, the nitrile polymerized very rapidly, and, when it had practically 
disappeared, the vinyl acetate started polymerizing. The polymerization 
of monomer mixtures containing 25-33% nitrile became very slow after the 
first few hours. During this time most of the nitrile had polymerized, 
leaving monomer mixtures low in nitrile; such mixtures would be expected 



« HOURS 

Fig. 6. The effect of small quantities of acrylonitrile on the poly¬ 
merization of vinyl acetate in ethylene dichloride solution. 

to polymerize slowly in view of the results obtained with small amounts of 
nitrile in the original monomer mixture. 

Small amounts of acrylonitrile arc strongly inhibitory to vinyl acetate 
at 60® as well as at 50®. This effect is seen in Figure 5. With 0.25% 
nitrile at 60®, there was an induction period of one and one-half hours, 
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after which vigorous reaction occurred. With 5% nitrile at 60®, the in¬ 
duction period was four hours followed by rapid polymerization. In¬ 
creasing the catalyst to double the standard amount at 50® with vinyl 
acetate containing 0.25% acrylonitrile reduced the induction period from 
seven hours to four hours. 



Fig. 7. The polymerization of the individual monomers in vinyl 
acetate - acrylonitrile mixtures in solution. 


Copolymerization of Vinyl Acetate and Acrylonitrile 
in. Ethylene Dichloride Solution 

Small amounts of acrylonitrile inhibit the solution polymerization of 
vinyl acetate, as seen in Figure 6. With 0.25% nitrile, the induction 
period was increased from about twenty minutes (for pure vinyl acetate) 
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to one and three-quarter hours. Increasing amounts of nitrile caused in¬ 
creasing inhibition until, with 3% nitrile in the monomer, only 8% con¬ 
version occurred in seven hours. The addition of 1% acrylonitrile to a 



, Fig. 8. The effect of small amounts of acrylamide, methacryl¬ 
amide, and ethyl methacrylate on the polymerization of vinyl 
acetate in emulsion: B, vinyl acetate alone; C, plus 0.25% acryl¬ 
amide; D, plus 2% acrylamide; E, plus 0.5% ethyl methacrylate; 

F, plus 1% ethyl methacrylate; G, plus 0.25% methacrylamide; 

H, plus 0.5% methacrylamide; and A, ethyl methacrylate alone. 

polymerizing solution of pure vinyl acetate at 34% conversion stopped the 
reaction. When the monomer contained more than 3% nitrile the poly¬ 
mer which formed at low conversion was rich in nitrile and precipitated 
from the reaction mixture, making it impossible to obtain representative 
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samples. For this reason higher acrylonitrile concentrations were not in¬ 
vestigated. 

The presence of 1% acetonitrile had no effect on the conversion of pure 
vinyl acetate in solution. 



Fig. 9. The effect of small amounts of ethyl methacrylate and 
methacrylonitrile on the polymerization of vinyl acetate in 
ethylene dichloride solution. 


Tlie change of composition of the copolymers with increasing conversion 
in emulsion and solution is shown in Figure 3. In the polymerizations 
with 1% and 2% acrylonitrile in the monomer, copolymers formed at low 
conversions in emulsion are richer in nitrile than copolymers formed at cor¬ 
responding conversions in solution. Possibly this is because the nitrile is 
more water-soluble than the vinyl acetate, the former thus being more 
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concentrated at the site of polymerization in emulsion; this separation of 
monomers would not occur in solution. As in the emulsion polymeriza¬ 
tions, the nitrile content passed through a maximum at low conversions in 
most of the runs. 

The conversion-time curves of the individual monomers in vinyl acetate- 
acrylonitrile mixtures in solution are shown in Figure 7. As in emulsion, 
the nitrile polymerized more rapidly than did the vinyl acetate. The 
vinyl acetate did not start to polymerize rapidly until most of the nitrile 
had polymerized; in emulsion this sequence apparently occurred with 
small amounts of nitrile (0.02-0.25%) in the monomer (Fig. 1). There 
is one significant difference between emulsion and solution polymerization 
which can be seen in a comparison of Figures 4 and 7, viz., in emulsion the 
rates, during the first seven hours, of both the acrylonitrile and vinyl 
acetate vary directly with the amount of nitrile present in the original 
mixture and in solution the rates of both monomers vary inversely with the 
nitrile content. 

Inhibition of Vinyl Acetate by Monomers Other Than Acrylonitrile 

In a search for other monomers which might exhibit the same type of 
inhibition as acrylonitrile toward vinyl acetate, the effects of small amounts 
of the following on the conversion of vinyl acetate in emulsion were de¬ 
termined: acrylamide, methacrylamide, ethyl methacrylate, metha- 
crylonitrile, and styrene. The results obtained with the first three are 
shown in Figure 8 and the last two in Table I. All of these monomers in¬ 
hibited the polymerization of vinyl acetate but, in all experiments in 
which difierent amounts gave different rates, the degree of inhibition or 
retardation was directly proportional to the amount present. However, 
as mentioned above, the rate of polymerization of vinyl acetate-acrylo¬ 
nitrile mixtures in emulsion was directly proportional to the amount of 
nitrile present. Acrylamide (0.25-2%) and ethyl methacrylate (0.5-1.0%) 
were mildly inhibitory, but methacrylamide greatly prolonged the induc¬ 
tion period. Not shown in Figure 8 is the efl’ect of 2% methacrylamide; 

TABLE I 

Conversion of Vinyl Acetate Containing Varying Amounts of 
. Methacrylonitrile or Styrene in Emulsion, Expressed as Per Cen'i 
BY Weight of Total Monomer 


Per cent 


Monomer oompontion 

Temperature, ®C. 

Hours 

oonvorsion 

1% Methacrylonitrile. 

50 

7 

0 

5% Methacrylonitrile. 

50 

7 

0 

1% Styrene. 

60 

7 

0 

5% Styrene. 

60 

7.5 

0 

0.25% Styrene. 

60 

2 

2.0 

0.25% Styrene. 

60 

3 

15.1 

0.25% Styrene. 

60 

4.25 

69 8 
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no polymerization owurred at 55“ in eight hours. Small amounts of 
methacrylonitrile and of styrene also greatly inhibited the polymerization. 

The inhibitory effect of small amounts of ethyl methacrylate and of 
methacrylonitrile on the polymerization of vinyl acetate in ethylene 
dichloride solution is shown in Figure 9. The methacrylate was mildly 
inhibitory, the methacrylonitrile strongly. With 1% methacrylonitrile 
in the monomer, the polymer formed after seven hours (2.1% conversion) 
contained 20.8% nitrile, indicating that both monomers were polymerizing 
during this early stage. 

The authors gratefully acknowledge the assistance of Mr. Gerard A. Baldauf who 
carried out most of the polymerization reactions, including sampling and handling of 
the polymers. 

EugUsh Synopsis, see Summaries, page SIO, Vol. V, 1950. 

Resum6 

Une faible quantite d’acrylonitrile inhihe la jKiIyinerisation en Emulsion de Tac^tate 
de vinyle. Des quantiles plus elev^s retardent uniquement la reaction, et le retard 
esl invers^inent proportionnel a la quantity de nitrile present, de telle sorte qu’^k une 
teneur de 40% environ en nitrile, le melange polymerise k environ la rn^nie vitesse que 
rac6tate de vinyle soul. En ('ours des polymerisations en solution, le retard, occasionn6 
par de faibles quantity d'acrylonitrile est directernent proportionnel ^ la quantity 
pr^nte. Avec des m^lang^ des deux monom^res en Emulsion, la copolym6ri8ation de 
racrylonitrile et de Tac^tate vinyle s’accel^re avec une teneur croissante en nitrile; en 
solution, elle est plus faible avec une teneur croissante en nitrile. Le methacrylonitrile 
la methacrylamide et le styrene inhibent fortement la polymerisation de Tacetate de 
vinyle. Ix* inethacrylate d’ethyle et I’amide acrylique sont les inhibiteurs doux. 

Zusammenfassung 

Kleine Mengen \on Acrylnitril inliibieren die Emulsionspolymerisation von Vinyl- 
acetat. Grbssere Mengen verzogern bloss die Reaktion und die verzogemde Wirkung 
ist der vorhandeiien Menge Nitril uingekehrt proportional, sodass bei ungefahr 40% 
Nitrilgchalt die Mischung ungefahr mil der selben Geschwindigkeit polymerisiert wie 
Vinylacetate allein. Bei Losimgspolymerisation ist die verzogemde Wirkung von 
kleinen Mengen Acrylnitril der vorhandenen Menge Acrylnitril uingekehrt proportional. 
Bei Gemisclien der beiden Monomere in Emulsion wird die Polymerisation von sowohl 
Acrylnitril wie auch Vinylacetat mit steigendein Nitrilgehalt schneller; in Losung wird 
die Polymerisation der beiden Monomere mit steigendem Nitrilgehalt langsamer. 
Methacrylnitril, Methacrylamid und Styrol inhibiercn die Polymerisation von Vinyl¬ 
acetat stark. Athyiinelhacrylat und Acrylamid siud inilde Inhibitoren. 

Received June 21,1949 
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Friedel-Crafts Copolymerization of 
Chloroprene-Styrene 

FREDERICK C. FOSTER, Chemical and Physical Research Laboratories, 
The Firestone Tire 4 Rubber Company, Akron, Ohio 


INTRODUCTION 

Although considerable experimental work has been done on the deter- 
ininatioii of monomer reactivity ratios in free radical copolymerizations, 
similar determinations for cationic catalyzed copolymerizations were first 
reported only recently.* The present paper presents experimental results 
on the det(Tmination of the monomer reactivity ratios for the copolymeriza¬ 
tion of chloroprene-styrene induced by a Friedel-Crafts type catalyst. 

Ill tlu* copolymerization of two monomers, Mi and M 2 , the respective 
monomer reactivity ratios, ri and ro, have been defined by the following 
effiiations:^ 


Mr 4- M, - 

-> M,- 



kit 


Mr + M, - 

-► M.- 

II 


ktt 


M-j • -|- M'i ” 

-► M>- 

To = kii/hiv 

Ms* -f Ml - 

kn 

-► Mr 



The differential equation for copolymerization then becomes: 

d(Mi) ^ (Ml) ri(Mi) + (M 2 ) 
d(M 2 ) (M 2 ) r 2 (M 2 ') + (Ml) 

The corresponding integrated equation becomes: 


where: 


^2 


, MS 1 


1 “I J.1 
log + log 


1 — PM1/M2 

r^p MVMg * 

1 — pMi/Ma 
pMj/M? 


( 2 ) 


P = (1 - r,)/(l - ra) 

Witlj the substitution of the growing complexes* [e.g., F“B(Fa)—CH*— 
CH(C»Hs) ] for their respective free radicals, the above equations should be 
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applicable to cationic catalyzed copolymerizations. The assumptions^ 
necessary in developing the above equations should apply equally well to 
the cationic catalyzed copolymerizations. 

EXPERIMENTAL 

Styrene obtained from Koppers Company, Inc. was distilled under re¬ 
duced pressure. The monomer was tested for the presence of polymer 
before use by adding a sample to methanol. 

The chloroprene was obtained by fractionating Du Pont chloroprene 
solution (50% solution in xylene) and then distilling again just prior to use. 
A small amount of the monomer was added to methanol to test for the 
presence of polymer just before use. 

The experiments were conducted by adding 50 cc. of cyclohexane and 
the amounts of the two monomers to a beverage bottle and then capping. 
The bottle was rotated in a constant temperature bath at — 18°C. for at 
least an hour. It was then opened and 4 cc. of boron trifluoride-etherate 
added. The bottle was capped again and immersed in the constant tem¬ 
perature bath. The reaction was stopped by adding about 3 cc. of meth¬ 
anol and then the (copolymer was coagulated by pouring the reaction mix¬ 
ture into several times its volume of methanol and stirring in a Waring 
Blendor. The copolymer was washed several times with methanol, the 
methanol decanted, and the copolymer was vacuum dried overnight. The 
copolymer was obtained as a granular powder. 

As a test of copolymer purity, one of the copolymer samples w as dissolved 
in acetone and reprecipitated by a large volume of methanol. After wash¬ 
ing and drying in the usual manner, the copolymer gave the same analysis 
for chlorine, within experimental error, as it did before this treatment. 

The chlorine analyses were performed by combustion of the sample in 
a Parr bomb followed by the Vollhard titration. 

Initial monomer charges, Mj and Ml, were determined by weighing the 
monomers. Monomer charge at time t, Mi and M 2 , was determined from 
data on per cent conversion and on copolymer composition by chlorine 
analysis. Per cent conversion was determined by recovering the total 
copolymer. 


RESULTS 

» 

Table I lists the experimental values of monomer concentrations. Mi 
and M 2 refer to chloroprene monomer and styrene monomer, respectively, 
on a mole basis. 

Using equation (2), each set of values in Table I, M?, MS, Mi, M 2 , yields 
a straight line plot of n vs. r 2 in Figure I. If there had been no errors in the 
determinations of monomer concentrations listed in Table I, the lines of 
Figure 1 should intersect in a common point characteristic of the true values 
of Ti and r 2 . The six experimental determinations are plotted in Figure 1. 
Values of 0.24 and 15.6 were selected for ri and r 2 , respectively. 
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TABLE I 


Chlorophenb (Mi)-St«ienb (Ms) 


Expt No. 

Ml 

MJ 

Ml 

Mt 

1 

0-4006 

0 173i 

0-3656 

0-0658 

2 

0-6176 

0-1224 

0-6048 

O-lOle 

S 

0-5007 

0-1988 

0-4894 

0-1557 

4 

0-7336 

0-2208 

0-727o 

0-1996 

5 

0-4415 

0-1948 

0-435o 

0-1658 

6 

0-405o 

0-340? 

0-394, 

0-241j 



Fig. 1. Plot of n vs, r 2 for the system chloroprene-styrenc. 



IN MONOMER CHARGE 


Fig. 2. Monomer-polymer fsomposition curve chloroprene-styrene. 
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The calculated curve in Figure 2 was obtained by inserting the values 
of n and r 2 , mentioned above, in equation (1). The experimental points 
corresponding to each copolymerization are also plotted in Figure 2. The 
compositions of the copolymers are plotted against the interpolated aver¬ 
age monomer concentrations. Since all of the reactions were stopped at 
relatively low conversions, this average monomer concentration is close to 
the average of the initial and final monomer concentrations. In cases 
where the conversion is high or the slope of the monomer-polymer curve is 
increasing rapidly, the chloroprene monomer concentration plotted should 
be somewhat more than the average of the initial and final concentrations. 

Figures 1 and 2 illustrate that although a relatively large percentage of 
uncertainty exists in the determination of the values of n aiid r 2 , the selected 
values of ri and r 2 give a monomer-polymer composition curve that agrees 
with the experimeidal determinations within the precision of the chlorine 
analyses. In other words, relatively large percentage errors in ri and 
yield relatively small percentage errors in predicated copolymer composi¬ 
tion. 

The monomer-polymer composition curve for the free radical initiated 
copolymerization is also given in Figure 2. The values of ri and used 
in calculating this curve were taken from the publislied data of Wall.^ 
Values used were 6..3 and 0.005 for ri and r 2 , respectively. The value of 
0.005 was used for instead of the listed value of 0, because it is assumed 
that styrene would hornopolymerize under the conditions of the expcTiment 
and that the value of r 2 was merely indistinguishable from 0 ov<t the range 
of their experiments. 


DISCUSSION 

The present data indicate a striking difference betwee^n the rcflalive 
reactivity ratios in a free radical initiated (opolymerizatiori and the rela¬ 
tive reactivity ratios in a cationi(;ally initiated eopolynuTization in the sys¬ 
tem chloroprene-styrene. In the free radical initiated (^opolymerization, 
both types of growing free radicals (those with a terminal chloroprene 
group or those with a terminal styrene group) exhibit a strong preference to 
react with chloroprene monomer rather than styrene monomer. In the 
cationically initiated copolymerization, both types of growing chains pre¬ 
fer ^to react with styrene monomer rather than chloroprene monomer. 

Figure 2 illustrates the effect of the differeiujes in reactivity ratios on the 
compositions of initial copolymers in the two systems. For example, a 
50-50 mole per cent initial charge of chloroprene and styrene monomers 
will yield an initial copolymer with about 7 mole per cent chloroprene in a 
cationically catalyzed system but about 88 mole per cent chloroprene in a 
free radical catalyzed system. 

This reversal of reactivities in the two types of catalyst systems is quite 
similar to the results of Alfrey on the copolymer system styrene-p-chloro- 
styrene.^ The present data are consistent with Alfrey’s suggestion that 
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eleclron-donaling groups increase reactivity and electron-withdrawing 
groups decrease reactivity in the carbonium ion systems. In the reactiv¬ 
ity series proposed by Alfrey, chloroprene monomer would occupy a posi¬ 
tion of low reactivity, probably between 2,5-dichlorostyrene and methyl 
methacrylate. 

The technique of adding the more reactive monomer in increments during 
the course of a (‘opolymerization is often used to decrease the variation 
of chemic al composition of (copolymers with conversion. “Constant com¬ 
position” copolynuTs are prepanid by this method. 

Figure 2 shows that in the free radical catalyzed system the above tech¬ 
nique could be used only witli great difficulty to prepare copolymers having 
average compositions between the range of 0-60 mole per cent chloroprene. 
Initial monomer loadings would have to be between 92-100 mole per cent 
styrene; and, over this range of monomer compositions, copolymer com¬ 
position (‘hang(‘s rapidly with conversion. In fad, if the true value of r 2 
were 0 in the free* radic al system, as listed by Wall,^ it would be impcjssible 
to prepare* a copolymer containing more than 50 mole per cent styrene 
in this system. 

IIowe\er, it is over this same range of (opolymer (‘hemical (‘ompositions 
that “constant composition” copolymers could be prepared most readily 
in the cationically catalyzed copohmerizatiem of chloroprene-styrene. 

C()ns(‘(]uently, in the* pr(*paration of copolymers containing narrow 
ranges of chemical compositions, the free radical (‘atalyzed system and the 
cationically catalyzed system complement (‘ach other. ()v(*r the range of 
('opolyrner compositions from 0-60 mole pcM’ cent (’hloroprene tlie cationic 
catalyz(*d system would be preferable; o^er the range (jf copolymer com¬ 
position from 60-100 mole per cent chloroprene the free radical catalyzed 
syst('in would be preferable, other conditions being equal. 

It should be pointed out that there were indications that the copolymers 
produced during the f)resent (‘xperiments were low molecular weight copoly¬ 
mers. The inlrifisic viscosity of the copolymer from expcTimenl 5 w as 0.06 
in acetone. Tlu* same copoly rner melted over the range of 75~85°C. with a 
low melt viscosity. Duplicate cryos(*opic molecular weight determinations 
on sample 5, in ethylene bromide as solvent, gave values of 1930 and 1960. 

The author wislies to express his appreciation to Drs. B. L. Johnson and F, W. Stavely 
for their continued interest in this work and also to The Firestone Tire & Rubber Com¬ 
pany for permission to publish these results. 
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English Synopsis^ see Summaries^ page S8« Vol. 1950. 

R^sum^ 

Les rapports des r6activit6s relatives ont 4t6 d^termin^s dans le cas de la copoly- 
m6risation de chloroprfene-styr^ne k — 18®C., catalyst par le complexe 6th6r6 du fluorure 
de bore. Conformlment aux experiences anterieures d’Alfrey avec un syst^me de raono- 
mdres differents, il y a une inversion complete des r^activites relatives des deux mono- 
nitres en passant d*un systtme initiateur par radicaux k un catalyseur Friedel-Crafts. 
Cette inversion des rtactivites des monomtres permet la production de copolymtres 
de “composition constante** de chaque composition dtsirable, en choisissant un type de 
catalyseur approprit. Les copolymtres obtenues dans ce travail en presence de cataly- 
seurs cationiques ont toutefois des poids moltculaires peu 61evts. 

Zusammenfassung 

Es wurden die relativen Reaktivitatsverhaltnisse bestimrnt fiir die Copolymerisation 
von Chloropren-Styrol bei — 18®C., mit Bortrifluorid-Atherat als Katalisator. Ahnlich 
wir die friiheren Befunde von Alfrey an einem anderen cop^ilyrneren System, wnrde eine 
vollstandige Umkehrung der relativen Reaktivitat der iieideii Monoineren festgestellt, 
weim man das System vom Typ eines Freien-Radikal-Katalisators zu dem Typ eines 
Friedel-Crafts-Katalisators abandert. Diese Umkehrung der Reaktivitaten der Mono- 
meren erradglicht die Produktion von Copolymereii mit konstanter Zusammensetzung 
und von jeder erwUnschten Zusammensetzung bei geeigneter Wahl des Katalisator 
Typs. Es bestehen Anzeichen dafiir, dass die durch Kationen katalisierten Copoly- 
meren, die in dieser Arbeit hergestellt wurden, niedermolekulare Copolymere sind. 

Received May 9,1949 
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Ultracentrifuge Studies on the Crystalline Compound of 
Trypsin and of Soybean Trypsin Inhibitor 

Recently Kunitz^ has reported the isolation of a crystalline compound 
of trypsin and of soybean trypsin inhibitor which exhibits no residual 
proteolytic or inhibitory activity. We have found that the crystalline 
compound has a sedimentation constant, corrected to 20°C. in 0.1 M 
phosphate bufl’er, of 3,5-3.7 svedberg units in the pH range of 3.6-10.4. 
The values are nearly concentration independent in the range investigated 
(0.3“0.7% total protein). Below pH 2.9, the compound dissociates to give 
an apparent sedimentation constant of 2.4 svedberg units, a value corre¬ 
sponding closely to that of pure trypsin or inhibitor. Above pH 11, the 
compound is denatured. 

Preliminary results of mixing equal weights of trypsin and inhibitor at 
pH 2.8 and 6.0 give values identical with the above. The results tend to 
support the hypothesis of Kunilz^ that the compound formation involves 
salt linkages between amino and acid groups, since below pH 2.9 —COOH 
groups are unionized. A full account will be published later. 
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Critical Concentration Effects in Dilute High Polymer Solutions 

One of the older concepts relating to the physical chemistry of polymer 
solutions concerns the enormous volume requirements of such long chain 
molecules and the consequent necessity of working at extreme dilutions 
if such molecules are to be independent of each other in solution. As 
early as 1931, EisenSchitz and Rabinowitsch^ expressed doubt about the 
validity of osmotic pressure and viscosity methods, because, at the concen¬ 
trations normally used, the molecules do not move independently in solu- 

* Present address: Department of Colloid Science, Cambridge University, England. 
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tion. SimiJar thoughts have been expressed by other workers since that 
time, particularly with the idea of choosing a model based on the stretched 
out length of the molecule and calculating a “critical” concentration at 
which interference might be expected. Staudinger,^ Signer and Gross,® 
Signer,^ Campbell and Johnson,® Hulburt, Harman, Tobolsky, and Eyring,® 
have all made such calculations. 

The above deductions of critical concentrations were all based on a hypo¬ 
thetical model, whose dimensions were calculated from the molecular 
weight. Today, it is known from work on intrinsic viscosity and light 
scattering^ ® that a polymer molecule such as polystyrene can be represented 
in dilute solution as a random coil whose dimensions can be ascertained 
physically as a function of molecular weight and solvent type. 



Fig. 1. Critical concentration for close packing of random coils in 
solution, based on data for polystyrene. 


We propose, then, a new definition of critical concentration of polymer 
solutions as the concentration corresponding to the close packing of random 
t^oils having twice the measured diameter of actual molecules in actual 
solvents. The factor of two is arbitrarily introduced to allow for the fact 
that a random coil is not a smooth sphere. Based on experimental 
values^"^® which indicate that polystyrene of molecular weight one million 
has a diameter in benzene of about 1000 A. and in methyl ethyl 

ketone of about 750 A., it follows that: 

Cent. cc.) == 30.6 for benzene 

= 69.1 for methyl ethyl ketone 
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where M is the molecular weight. Figure 1 is a plot of this equation for 
the two solvents, and might serve as a working guide. It is evident at 
once that many measurements currently made on polystyrene solutions for 
viscosity, osmosis, and light scattering are at concentrations above these 
limiting values. 

The apparent success of the several linear plots for extrapolating to in¬ 
finite dilution viscosity, osmcjtic pressure, and turbidity data, and the 
relatively good internal agreement among the various molecular weight 
measurement methods, especially when chemical end group methods, and 
a range of very good to very poor solvents are included, would seem to im¬ 
ply that the critical cioncentration concept is not of too great significance. 
There are, however, several instances in the literature when definite ef¬ 
fects have been observed when working through or completely below the 
critical region. These are as follows: 

(f) Ullracentrifiige, sedimeniation velocily. Signer and Gross^^ found 
that high molecular weight polystyrene molecules were slowed down by 
presence of low molecular weight species above certain critic^al concentra¬ 
tion regions which depended on molecular weight. 

(?) Osmotic pressure. Jiillander^^ found a very strong dependence of 
osmotic slope on molecular weight when all his measurements on a range of 
nitrocellulose samples wc^re c‘arried out below the usual concentration region, 
using the osmotic balance. Schulz and Dinglinger^^ found for polymethyl 
methacrylate* in acetone that the reduc‘ed osmotic* pressure plots w/c vs. c 
were concave up for high mol(*cular weights, concave down for low molecu¬ 
lar weights. In the latter case, this is eepiivalent to an increasing slope 
with decreasing molecular weight at quite low concentrations. 

(,?) Viscosity. Danes found a break in the vs. c plot for polystyrene 
in benzene at c equal 0.3%, the slope being higlier below this concentra¬ 
tion.^* IIowl(*t t, Minshall, and I irquart*^ found a similar break for second¬ 
ary cellulose acetate in acetone in the region between 0.01 and 0.1%. 

(4) Streaming double refraction. Signer and Gross*® found that a quan¬ 
tity which might be called a reduced specific double refraction, (A'l — Nf)/7i- 
Gc, is (‘onstant up to a certain con(*entration for polystyrene in cyc'Iohex- 
anone, and then dec reases. This (’ritical conc*entration decTeases for in¬ 
creasing rnolcM’ular weight, but the values are higher than would be indi¬ 
cated by Figure 1. In the above expression, the numerator is the refrac¬ 
tive indc'x difference, rj is viscosity of the solution, and G is the velocity 
gradient, all at concentration c. 

(5) Electrophoretic mobility. Signer and Brechbuhler*^ have recently 
cited a cawsc where methyl cellulose at 0.4% concentration reduces the mo¬ 
bility of thymonucleic ac'id, sodium salt, whereas 0.062% methylcellulose 
has no such effec^t. 

These few examples indicate that there are concentration effects in physi¬ 
cal measurements on polymers which are possibly, but not necessarily, 
related to the critical concentration effects discussed in this letter. It 
might be expected that kinetic phenomena such as viscosity, sedimentation, 
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velocity, etc. would be more strongly affected by space-filling effects than 
would equilibrium measurements such as osmotic pressure or optical tur¬ 
bidity. In any event, we believe it worth while to consider more carefully 
physical measurements on polymers at concentrations below those indi¬ 
cated by Figure 1, even if it involves the development of new testing tech¬ 
niques. 
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Pyrolysis of Polystyrene 

The technique for measuring the rate of degradation of polystyrene, 
reported in this journal by Jellinek,^ has been investigated with a view to 
its employment in a general study of polymer degradation. 

Experiments were carried out with a small torsion balance in an evacu¬ 
ated glass envelope, using polystyrene fractions in order to check the agree¬ 
ment of the results obtained with this apparatus and those reported in the 
paper. The rate curves were very similar to Jellinek’s and, assuming a 
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zero order reaction, the activation energy calculated from the initial slopes 
is about 50 kcal., which is also in good agreement with his values. 

It was observed, however, during the course of the reaction, that the 
torsion arm was subject to small erratic vibration. Closer examination 
showed that this effect was caused by the formation and bursting of bub¬ 
bles of the liquid polymer, due presumably to the evolution of low molecular 
weight homologs in the body of the degrading polymer. 

Small translucent globules, visible with the aid of a lens, were formed on 
the glass wall near the reaction vessel as the bubbles in the crucible burst. 
Repeated experiments left no doubt that a considerable fraction of the total 
weight lost by the polymer could be accounted for by this means. 

On the basis of experiments it seems that great care must be exercised if 
one is not to be misled by the use of weight loss during pyrolysis as a meas¬ 
urement of monomer production. 
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Concerning the Inactivation-Denaturation of Pepsin 

It is a well-known fact that pepsin is unstable at pH above ca. 6^“^. It 
also exhibits a marked increase in quantum yields for inactivation by ultra¬ 
violet light at ca. pH 6 and higher.® It is the purpose of this discussion to 
point out semiquantitalive reasons for the enhanced ultraviolet light sen¬ 
sitivity above pH 6 (which has been ascribed to a reduced intramolecular, 
Franck-Rabinowitch effect associated with the repulsion within the mole¬ 
cule brought about by increasing ionization with increasing pH above 5 to 
6). To do this we choose a model: 







A. I) 

|<-3.4 A- *\ 


k 4 i J 


and make use of the composition formula of Brand: 


Glyir-V alsiLeuiTlleutiProi JPhe. (CysH). (Cy 8 ) 4 Met 4 Try 4 Arg 2 Hisr-LystAspiGlU]i (Aap- 

NH,)«Ser 4 .Thr,.Tyr..(H.PO,)(IW)), 
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for a molecular weight 34,400.^** For this model we may either assume that 
all ionizing groups are distributed at random or with a definite periodicity 
similar to that prescribed by the Bergmann-Niemami hypothesis. This 
allows us to compute repulsion energies by integration. For our problem 
we could also use statistical summation which, for simplicity, would require 
a periodicity. In view of the large number of groups and the increased 
flexibility of integration metliods, only integration methods are used in the 
following. In this model Ri groups are ionized or potentially ionizable 
groups and R groups are iionionizable. The repeat distance is as in silk, 
3.4 A. This model, a long rod, contains 302 amino a(‘id residues and 30 
acid residues, i.e., every 10th residue bears a real or potential —COO ". 
Only sucii acid groups need be taken into ac count in the pH rc'gion under 
consideration, basic groups having constant ionization charge. 

Assuming a rod we have* therefore a total lengtli of 1027 A. It is also 
uniformly charged. We wisli to calculate the electrostatic potential at the 
site of a possible break, induced by a quantum, in a rod of length /. Let 
(T be the linear charge density and a and b the length of the fragineiits, Le., 
ft + 6 = /. 



The potential on any two elements dx and dy will be dV where dV = 
(Tdxady/eix + y) and € is the dielectric; c’onstant (taken as 80). 

The total potential is: 


= f r "i d.rdy 

e Jo Jo X + y 


= - [/ In / — ft In ft — (Z — ft)hi(/ 


For our purposes an average repulsion energy is r(M|uired, for the break 
may be at random. Clearly the potential will be zero if the bre^k occurs 
at either end and will be* a maximum at the center. The average repulsion 


energy, F, is: 

f^da 2e 


Our problem initially is to find how V varies with pH. This will depend 
on the pK’s of the amino acid residues and on the pll. If our procedure is 
correct we should be able to calculate the isoionic point (isoelectric point 
in the absence of sorbed ions). For test purposes we consider chymotryp- 
sinogen. Its composition for a molecular weight of 36,800 is, after Brand 


Gly26Val32l^U29lleui6PrOi«Phe8(CysH)4(Cys)ioMet8Tryio-Arg6His3Ly82oAspj8(Glu-NH2)22- 

(ASP-NH 2 ) 18Ser4oThr35Tyr6(H20)6 
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For the data see Table I. Values of pK for the amino acids in proteins 
are from Cohn and EdsalP and Caiman.® 


TABLE I 

Ionization of Chymotrypsinogen 


pK: 

10 

12.5 

6.5 

10 

4.5 

10 


pU 

CysHi 

Arg* 

Hiss 

LyBM 

Aspis 

Tyr# 

Net total charge 

8 

0 

6 

0 

20 

-13 

0 

13 

9 

-0 4 

6 

0 

18 

-13 

-0 6 

10 

9.5 

-1 

6 

0 

15 

-13 

-1.5 

5 5 

10 

-2 

6 

0 

10 

-13 

-3 

-2 

11 

-3.6 

6 

0 

1 8 

-13 

-5 4 

-14 


By this procedure Ihe value found is 9.8. Anderson and Alberty give pH 
9.5 for the isoelectric point.^® This is excellent agreement, so we use the 


lO 

o 

X 



Fig. 1. Net charge (C), quantum yield inacti¬ 
vation rate (1), or potential energy (P) in kilocalories 
versus pH for pepsin. 


procedure for pepsin. The results aie given in Figure 1, curve C. The 
isoionic point (net charge of zero) is at ca. 3.8. The fact that the known 
isoelectric point is considerably lower may be attributed to adsorption of 
anions. 

Now the model we have chosen does not conform to that of a globular 
protein because of its extreme length. As a first approximation we can 
fold the molecule end to end; this halves the length and doubles the charge 
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density. By folding 4 times in this way and assuming that the length is 
always great compared to the cross section of the bundle (which of course 
becomes less true with each folding) we arrive at a length of 64 A. which is 
of the order of magnitude of the length of a globular protein of this molecu¬ 
lar weight (ca. 42 A.). Of course our model is overtaxed by folding more 
than twice, but without a detailed knowledge of the charge distribution 
within a pepsin molecule our first approximations will suffice to reveal 
that internal, electrostatic repulsion potentials calculated as already indi¬ 
cated are of an appreciable magnitude. 

As a sample calculation we consider the unfolded rigid rods of 1027 A. 
at pH 8.0 with an average net charge of —27. Taking the charge on the 
electron as 4.8 X 10~^° electrostatic units, the charge density <r, is 1.26 X 
10~® electrostatic units per centimeter. The average potential at the site 
of a possible break, V*, is: 


(1.26)» X 10-« X 1.03 X 10-» 
80 X 2 


1.02 X 10-1* (e.s.u.)Vcm. = 1.02 X 10-»* erg 


This is 1500 calories per mole. At pll 8 and a folding of four times we 
have 24,000 calories per mole of intramolecular repulsion. Electrostatic 
potentials of this magnitude clearly cannot be ignored in any theory of protein 
denaturation. Of course in thermal denaturation secondary bonds are 
broken but the repulsion potential at the break will exist. In Figure 1, 
curve P is a plot of potential energy in kiloc*.alories/mole as a function of pH 
for our model folded four times, assuming that the cross section of thci bun¬ 
dle is small compared to the length and as a first approximation that all 
molecules have the indicated (average) charge at a given pH, curve C. 

It has-been demonstrated that the sedimentation constant of pepsin de¬ 
creases as the pH is increased from 7 to 10. Below 6 it is relatively (*on- 
stant^® and if we assume no change of configurational entropy in a region 
of constant sedimentation constant then our calculated repulsion will be 
approximately the free energy change of the molecule due to ionization 
charges with change in pH (we are ignoring the free energy changes of 
ionization). 

From Figure 1, curve we see how the quantum yield for inactivation 
takes a sudden rise at pH ca. 6*. From this we can say that at this pH 
the molecule is under such a strain as to undergo a more efficient light de¬ 
naturation. The repulsion makes it much less probable that active free 
radicals will recombine and reaction with the solvent will be preferred.^® 
Note also the rise in rate constant of thermal denaturation, curve I. 

• A few factors have been ignored in the above considerations. It is recognized, for 
example, that only a small fraction, ca. 1%, of the molecules have the average charge at 
a given pH and for a given instant.^ This does not alter the significant point that the 
intramolecular repulsion potential energy becomes high (about 20,000 calories per mole) 
for pepsin as the pH approaches 7. Also the influence of the ionic double layer on the 
repulsion of, e.g., adjacent charges has been ignored: between pH 4 and 7 the ionic 
strength can be so low, however, that the double layer may be as large as the protein 
molecule and without influence on adjacent charges. 
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Note on the Distribution of Polymer Molecules in Dilute Solution 

Current considerations of the possibility of critical concentration effects 
in dilute polymer solutions^ and the related problem of the interpretation 
of the second virial coefficient‘s leads us to describe a very elementary 
point of view relevant to these matters. This concept, although quite 
approximate in nature, has the advantage of providing a consistent in¬ 
terpretation of several independently observable characteristics of dilute 
polymer solutions. 

It is postulated that the average arrangement of polymer molecules in 
dilute solution is governed by the following considerations. 

(1) The dissolved polymer molecule is represented statistically by a 
Gaussian distribution of the density of polymer segments in space. The 
statistical distribution of polymer molecules in solution is represented by a 
radial distribution function of their centers of gravity. 

(2) The radial distribution function for polymer molecules at very low 
concentration in a good solvent resembles that for hard spheres except in 
that the ascent to the average value is much less abrupt. In poorer solvents 
the ascent is still more gentle and shifted closer to the origin. In the case of 
van’t Hoff behavior the radial distribution is completely uniform at all dis¬ 
tances of separation of the centers of polymer molecules. 

(5) The midpoint in the ascent of the radial distribution curve corre¬ 
sponds to the interpenetration of two polymer molecules to the extent that 
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the average density of polymer segments in the region of overlap has 
reached a value characteristic of the polymer-solvent system. An effec¬ 
tive diameter, D, for the polymer molecules is defined by the spherical sur¬ 
faces which come into contact when the characteristic value of segment 
density is reached. 

(4) To the extent to which this behavior approaches that of hard 
spheres an excluded molecuilar volume may be defined whic h is four times 
the volume of a sphere of diameter D. The hard sphere model predicts 
that significant upward curvature will first oc^cur in plots of reduced os¬ 
motic pressure, reciprocal reduced turbidity, or reciprocal dissymmetry coef¬ 
ficient against concentration at that concentration corresponding to filling 
\ olume of the solution with close-packed c*xcduded-vc)lume spheres. Inas- 
muc h as the polymer molecules approximate soft spheres with less abrupt 
radial distribution functions it may be cxpectcxl that the onset of significant 
upward curvature will be somewhat delaycil. 11 is this conc'entration range 
whic'h may be considerc^d as the “cTitical c‘oncentration,'’ for beyond this 
rc^gion the extent of interpenetration of polymer inolc'culc^s will greatly in¬ 
crease with a consequent lowering c:)f D. 

The value of D relative to R will depend on lhc‘ rnohi ular weight, flexi¬ 
bility, and degree of branching of the polymer as wc‘ll as the polymci- 
solvent interaction, and w^ould not be simply relatc‘d to thc‘ root mean st^p- 
aration of the ends of the chain, R. 

The effective diameter can be cistirnated in two indc‘pendent ways: one 
depends upon the interpretation of thermodynamics data and the other on 
first-older interferenc’e of scattered light. Jn the forrncT method the poly¬ 
mer molecules are approximated as hard sphere's, their diameter being iden¬ 
tified with the effective diameter and approximate*!y evaluated by use of 
the relation: B = 27rI)'K\o/'3M^, where No is Axogadro’s number and M 
reprcjsents the molecular weight. Thus, 1) d('cr(*ases as B dc*c‘r(*asc^s, be¬ 
coming zero when van’t Ifolf behavior is attaincul. Conscciuently, resist¬ 
ance to interpenetration vanishes at B = 0, although the value* of R has 
only diminished to about one-half its value* in a good sc)lvc*nt.^ It follows 
therefore, that the “c*ritical c*onc*entralioir’ is lowc*st whem the value of B 
is greatest. Lpon passing to increasingly poor solvents the cTitical con¬ 
centration moves to higher concentration and ceases to exist whcai van’t 
Iloff behavior is reached. It is just this behavior whic h has been shown to 
exist^ in a recent study of the osmotic; pressure of polystyrene in various 
solvents over a large conc^entration range. Ilc^re it was noted that large 
values of B wc*re always associated with large values of the third virial coef¬ 
ficient, that is, curvature occurred at relatively low c;oncentrations and be¬ 
came quite pronounced; when B was small curvature was not noticeable 
until high concentrations were reached and then it was only slight. 

The alternative method of estimating D arises from a consideration of 
the scattering of light from a system of polymer molecules exhibiting an ef¬ 
fective diameter. The intensity of light scattered at an angle 6 from a 
polymer solution consistent with the foregoing postulates at concentrations 
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less than tlie critical concentration can be shown to be given by an expres¬ 
sion formally the same as that previously suggested for solutions of charged 
inacromolecules 

ie = KcMP{e) HksD*) 

The symbols are the same as used previously^; D* is the effective diameter. 
(A factor of tt^ was accidentally omitted from the expression for K in 
refereru’e 5.) 



Fig. 1. Reciprocal reduced turbidity and reciprocal 
dissymmetry coelTicieiit (‘15° and 135°) for a polystyrene 
fraction dissolved in toluene A = 4360 A. 

The data shown in Figure I of the customary turbidity and dissymmetry 
measurements for a toluene solution of a polystyrene fraction serve to illus¬ 
trate the relations described. From the initial slope of the Hc/r plot B 
is found to be 2.5 X 10 ®. Since from the intercept M is 900,000, D = 
550 A. The dissymmetry data at low^ concentration can be fitted to the 
above equation with a value of D* = 500 A., in good agreement with the 
estimate from B. Using this value of D* for the radius of the excluded 
volume sphere, one finds that the total volume so occupied becomes equal 
to that of the solution at a concentration of about 0.30%. It can be seen 
in Figure 1 that the curvature in both the thermodynamic and diffraction 
data becomes significant at approximately this concentration. For the 
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lower molecular weights or poorer solvents the effective diameter is, of 
course, found to be smaller and the curvature is first detected at higher 
concentrations and is much less abrupt. 

It was previously estimated^ that the effective diameter of a polymer 
molecule would be about 2R, from which one would anticipate that the 
critical concentration would lie at such low values as to be experimentally 
inaccessible. However, in the above case it is seen that D = 0.5fl and in 
general for polystyrene in toluene it can be shown that D/R = 0.075M‘^*. 
The numerical factor will be different for different solvents. It seems un¬ 
likely that any solvent will provide a significantly higher numerical con¬ 
stant for polystyrene. Consequently, only by going to extremely high 
molecular weights will the critical concentration be shifted to extremely 
low concentrations: in this event only turbidity methods could be used. 
On the other hand, in solutions of polar polymers in solvating solvents as 
well as in low ionic strength solutions of charged polyelectrolytes D may 
be much larger than R with the result that for sufficiently high molecular 
weight polymers the region below the critical concentration will be inacces¬ 
sible with present techniques: the molecular weight and the size of the 
molecule at infinite dilution could not be determined by equilibrium meth¬ 
ods. This discussion does not, of course, apply to hydrodynamic methods, 
but it is not unlikely that a somewhat parallel sit uation exists there. 

Finally, mention should be made that the viewpoint proposed here is 
probably capable of sufficient refinement to make a contribution to the 
general theory of polymer solutions. Though different in approach, it 
would not be incompatible with the current theories based on calculations 
of the configurational entropy of polymer chains because from both points 
of view it appears that it is the average density distribution of polymer 
segments that most simply characterizes the dilute polymer solution. 
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REVIEWS 


High-Polymer Physics—Symposium. Howard A. Robinson, ed., 
Chemical Pub. Co., Brooklyn, 1948, 586 pp. Price $12.00. 

Tliis volume consists of the twenty-three papers delivered before the Annual Meeting 
of the High Polymer Division of the American Physical Society in January, 1946. As 
such it presents a definitive cross section of the research in the physics and physical 
chemistry of high fK)lymers in progress at that time. The symposium was quite success¬ 
ful; the papers were well received, and viewed in the perspective of four years obviously 
represent a substantial contribution to the field. 

''Fhe number of papers is too great to allow individual assessment here. Consequently, 
the only further purpose this review can serve is to question the propriety of publishing 
this group of papers collectively. It must be appreciated that there was no central 
theme to the Symposium, an unusually wide selection of topics was covered. Moreover, 
almost three years elapsed between their delivery and publication. By this time most 
of the contributions had appeared in various journals and their timeliness had waned. 
The attractiveness of the volume is fiu*ther diminished by its exorbitant cost. 

In conclusion, it is difficult to balance the convenience and interest of the book against 
the fact that it represents essentially a costly transfer of journal material to book form, 
a luxury an overburdened scientific literature can scarcely afford. 

Paul M. Doty 


The Physics of Rubber Elasticity. L. R. G. Treloar, Oxford Univ. 
Press, New York, 1949, 262 pp. Price $6.00. 

This is a thoroughly excellent book. It covers the problem of rubber elasticity from 
both a theoretical and an experimental point of view. One outstanding feature of the 
book is the attention which is paid to behavior involving large strains. The major part 
of classical theory of elasticity is limited to the region of very small strains. In the case 
of rubber, strains of several hundred per cent are commonly encountered. The author 
provides a clear account of how these large strains can be handled theoretically, and 
what the experimental properties of rubber are in the large strain region. 

One chapter is devoted to the photoelastic properties of rubber, and two to crystalliza¬ 
tion and its influence on the mechanical properties of rubber. The dynamic properties 
of rubbers are discussed briefly, as well as stress relaxation and flow. The kinetic 
theory of rubber elasticity is, of course, thoroughly treated. 

This book is recommended to all who are interested in the mechanical behavior of high¬ 
polymeric substances. 
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Fundamentals of Synthetic Polymer Technology. R. Houwink, 
Elsevier, New York-Amsterdam, 1949, 270 pp. Price $3.75. 

Dr. Houwink is weJl known for his numerous publications on synthetic and natural 
polymers. His book Elasticity^ Plasticity and Structure of Matter published in 1937 
found ready acceptance in tliis c<)untry and was an imj)ortant factor in shaping thinking 
on the subject of polymers. 

Ill the present b<x)k, the author has set himself the difficult task of presenting polymer 
fundamentals to the reader in the hope that he will thereby be enabled to “interpret 
the results of tests and the properties of the final products.” Unfortunately, this aim 
is not very fully achieved. It is, however, a reassuring and heartening thought and one 
which is too often forgotten tlmt polymer teclinology does in the end rest on deter¬ 
minable “basic principles” and concepts. 'J'he detailed explanation of polymer proc¬ 
esses and pn)perties in terms of fundamental factors is a much greater undertaking 
than the present vf)lume. Nevertheless, i)y including in the same volume both the 
basic and the technological aspects, the author has facilitated and encouraged this type 
of approach to technology. I'his in itself is a step toward the larger goal. 

Because the volume does cover l>oth basic and technical aspects of polymers, the 
treatment is necessarily condensed. This condensed form (comprising almost an out¬ 
line type of presentation in the first sections) provides an easily read and easily com¬ 
prehended style which will be appreciated by those who are anxious to gain concejits 
rather than struggle with detail. 

The book throughout adopts an elementary approach In the autlior’s topical styh*, 
good use is made of illustrations, diagrams, graphs, and charts to assist the reader in a 
ready understanding of the topics under discussion. Both the tluMuvtical and the 
practical worker in the polymer field will jirofit from the broad horizon this book [iro- 
vides, but it will be of chief interest to those who migfit be said to be engaged in the 
engineering applications of polymer products. The lx.>ok is hardly suitable fo! a text, 
except perhaps und<*r special circumstances. 

''i'he American reader will still find signs of iMiropean expression in the volume. 
These are, however, nowh(‘ro objectionable and do not harm the presentation or undei- 
standing of the text. One of the author’s objects is to encourage und<*rsfanding by pr(‘- 
senting both the h^uropean and Noith American points of view, f>articularly in r(*f- 
erence to testing. It is of questionable value to the Arneric^an reader to h‘arn that dif¬ 
ferent countries employ different tests and sfiecificalions. The author has presented 
this material (Chapter IV) on a very elemenlary level, so that the arbitrary differences 
among different counfritjs are fortunately minirni/ed. ^ et many will feel that the 
treatment is too elementary and general perhaps to be of value. In Chajiter V , “Proc¬ 
essing of Polymers,” the different practices followed in different (M)untries are not as 
evident and an integrated (again elementary) treatment is achieved. 

The last sixty per cent of the volume is devoted to manufacturing processes and 
properties of most of the commercially known fM)lymers im^luding synthetic rubbers 
(Chapter VII). The author has su<;cecded in giving th(* reader a concise, easily-read 
account in this part, with well-selected topics and illustrations in each instance. 

The theorist and the technical scientist both will differ with the author's statements in 
places. For example, many American rubber chemists will find it diflicult to agree (p. 
142) that it is any more “inadrnissable” to compare normal sulfur vulcanizates in the 
aging tests of natural versus synthetic rubber than it is to compare the low-sulfur vul¬ 
canizates recommended by the author. 4416 nature of the rubber com|K>unding em¬ 
ployed in any given application is determined by many factors in addition to the factor 
of aging. There are many instances where synthetic rubber is preferred to natural rub¬ 
ber because of its superior aging performance under service conditions. Also, in the 
reci|)e for GR-S (p. 128), “stabilizer” in the form of fish-cjil soap is not added in American 
manufacture. More up-to-date information would be welcome also on some topics, 
for example, on the recent types of silicone, Thiokol, and neoprene synthetic rubbers, as 
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well as some of the newer plastics. In spite of these deficiencies many will find in this 
volume the combination of basic and technical information they have been seeking. 
The author is to be commended on his selection of topics and the condensed and ef¬ 
ficient style of this volume. 

C. S, Fuller 


Industrial Rheology and Rheological Structures. Henry Green, 
Wiley, New York, 1949, 323 pp. Price $5.50. 


The scope of this book is not as broad as might be expected from the title. The 
primary emphasis is on two-[)hase, particle-vehicle systems, such as printing inks and 
paints, w)n(*h were of ftarticular rheological interest to the late Henry Green. Other 
types of materials are treated only rath«;r superficially, and not in the way their in¬ 
dustrial significance would seem to indicate. Realizing tliis at the outset, the book can 
ilien lie evaluated in terms of what it aciximplishes within its acknowledged limits. 

The first seven chapters develop the foundations for Green’s rheological “system.” 
The general f)ro(‘edure is to start with a model of flow (dediMjed from nii(;ro.s(*opic ob¬ 
servations), work out from that a logical design for a viscometer, and finally develop 
means of con\erting viscometric measurements into meaningful and usable numl)ers. 
The fundamental rheological (piantities employed are the plastic viscosity and the 
>ield valu»\ To »bes(* may be added three coefficients of thixotropic breakdown, for 
materials which exhibit thaf phenomenon. The succeeding four chapters deal with 
laboratory af)plieations of the system. Considerable space is devoted to a discussion of 
the rotational xiscomeler dev<*loped by Green and Weltmanii, and its use. A few 
other viseomiders are mentioned briefly, and the section closes with some comments on 
the use f>r rlieologuud measurements in plant control. 

The third section, comprising five chapters, emphasizes the imixirtant role of micros¬ 
copy ill the rlu'ology of particle-vehicle systems. The techniques of fine-particle mi¬ 
croscopy are outlined and some (jommeiits made on the problem of measuring average 
particle si/e. 1’h(‘ last two chaf)t(*rs are concerned with the aggregation of particles to 
form rheological structures, riiese are divided into loose structures, as in Newtonian, 
pseudoplastic' or dilutant materials, and connected structures, as in plastic, brittle, or 
thixotropic materials. Two-dimensional flocculates and structural artifacts are also 
discussed. 

The book closes w ith a list of symbols, nine, appiendices, a rheological glossary of over 
eleven pages, and thirteen pages of index. Two of the apf>endices are particularly in¬ 
teresting. The first consists of several pages of advice to the industrial rheologist on 
dealing with management. 1’he other endemvors to preseiit the laboratory director 
with a simplified vei sion of rheological fundamentals. Both are eloquent commentaries 
on Mr. Green’s v aried exf)orience. 

The style of the book is somewhat informal and very readable. This volume should 
1)0 an invaluable practical and theoretical guide to the person investigating particle- 
vehicle sy.stems. 'Fo others, it may be recommended as presenting varied and useful 
information in a pleasant manner. It must be regarded as a significant contribution in 
the far from overworked field of rheological literature. 


R. S. Spencer 
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POLYMER NEWS 


The Graduate School of Physics and The Institute of Polymer Rese^ 
of the Polytechnic Institute of Brooklyn announce the Seventh Annual 
Series of Summer Laboratory Courses. The courses offered in the 1950 
series are: 

June 12-23: Industrial Applications of X-Ray Diffraction 

June 26-30: Advanced X-Ray Diffraction 

June 26-30: Methods in Physical Biochemistry 

July 17-21: Weight and Shape of Polymers in Solution 

July 31-Augu8t 4: Techniques of Polymerization and Copolymerizalion 

Inquiries should be addressed to Professor I. Fankuchen, Polytechnic In¬ 
stitute of Brooklyn, 85 Livingston Street, Brooklyn 2, New York. 


The Society of Chemical Industry, Plastics and Polymer Group, has 
arranged a Symposium on Polymer Chemistry as Applied to Plastics, The 
Symposium will be held in Beveridge Hall, the University, London, on 
September 21, 22, and 23, 1950. It will be opened on the morning of Sep¬ 
tember 21 by Prof. E. K. Rideal, M.B.E., M.A., D.Sc., F.R.S., and will in¬ 
clude four subsequent sessions: 

Sept. 21 (afternoon). Chairman, Prof. H. W. Melville, F.R.S. The Tools of Polymer 
Research, Osmometry, light scattering, infrared and x-ray spectroscopy, viscometry, 
organic chemistry. 

Sept. 22 (morning). Chairruan, Dr. J. C. Swallow. The Relations between Structure 
and Properties of Polymers. Effect f)f molecular size and shape, cross-linking etc. on 
electrical and physical properties, with particular reference to the crystalline, amor¬ 
phous and rubbery states. 

Sept. 22 (afternoon). Chairman, Dr. R. F. Hunter. Polymerization and Polycon¬ 
densation {Theory). Kinetics of ionic and free radical reactions, r(‘(l()\ systems, mech-* 
anism of polycondeusation reactions, etc. 

Sept. 23 (morning). Chairman, Dr. J. J. P. Staudinger. Polymerization and Poly¬ 
condensation (In Practice), Continuoas vs. batch polymerization, heat transfer problems, 
low temperature polymerization, high pressure reactions, practical aspects of continuous 
polycondensation reactions. 

Each of the four sessions will involve the presentation of about six papers, 
which will be followed by general discussion. Shortened versions of the 
contributions will be preprinted and distributed to subscribing partici¬ 
pants. The registration fee for the Symposium will be IO 5 . to members 
and £2 25. to nonmembers of the Society of Chemical Industry. Com¬ 
munications relating to the Symposium should be addressed to Dr. N. J. 
L. Megson, Hon, Organizing Secretary, Ministry of Supply, Room 716, 
Shell Mex House, London, W.C.2, England. 
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Redox Recipes. II. Redox Recipes in Alkaline 
Medium Initiated by the System Cumene 
Hydroperoxide—Iron—Sugar at 30^* 

M. KOLTHOFF and A. I. MEDALIA,t School of Chemistry, University 
of Minnesota, Minneapolis, Minnesota 


As discussed in the previous paper of this series/ the combination in al¬ 
kaline medium of an iron salt with a reducing sugar was found by German 
workers in the I. G.* to be highly effective in initiating polymerization in 
redox systems with benzoyl peroxide as oxidizing agent. Soon afterward 
we made use of this principle with cumene hydroperoxide (designated as 
CHP) as the oxidizing agent. The first experiments were very successful 
and since April 1946, a series of reports has been submitted to the Office of 
Rubber Reserve describing results which we have obtained with the CHP- 
iron-sugar system. The recipe developed is similar to that which has 
been published by Vandenberg and Hulse,® who used rosin soap as emulsi¬ 
fier. Although we have done some work with this emulsifier, most of our 
studies have been carried out with an emulsifier of higher purity. Many 
of the data given in this paper were obtained with pure potassium myristate 
as emulsifier. Marked differences have been found between the charac¬ 
teristics of time-conversion curves at 30°C. and at 0®C. (the two tempera¬ 
tures at which we have studied these systems). The present paper deals 
with data obtained at 30®; in a subsequent paper suitable recipes at 0® 
will be discussed. 

EXPERIMENTAL 

Reagents 

Potassium myristate was prepared for use in the present work by neu¬ 
tralization of Eastman White Label myristic acid with potassium hydroxide 
in hot alcohol, followed by recrystallization from alcohol and vacuum¬ 
drying to constant weight. The active oxygen content of this potassium 
myristate, as determined by an iodometric procedure, was only 8 p.p.m. 
Potassium laurate and caprate were prepared similarly. The butadiene 
was Carbide and Carbon (99%), passed through ascarite to remove inhibi- 

* This work was carried out under the sponsorship of the Office of Rubber Reserve, 
Reconstruction Finance Corporation, in connection with the Synthetic Rubber Program 
of the United States Government. 

t Present address; Brookhaven National Laboratory, Upton, N. Y. 
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tor. The styrene was a Dow product, freshly distilled before use. Twice- 
distilled water was used throughout. The cumene hydroperoxide was a 
sample furnished by Hercules Powder Co., #X-3354-84, and was found by 
an iodometric procedure to contain 5.96% active oxygen, corresponding to 
56.5% cumene hydroperoxide in the sample, the remainder being princi¬ 
pally cumene and the decomposition products of CHP.^ All amounts of 
CHP given are expressed in parts of this sample of 56.5% purity. The 
iron solutions were prepared by dilution of stock solutions which had been 
standardized by the usual methods. The stock solution of ferrous sulfate 
(Merck reagent grade FeS 04 * 7 H 20 ) was 0.2 M in ferrous iron and 0.01 N 
in sulfuric acid, the acid minimizing air oxidation. The stock solution in 
water of ferric nitrate (Merck reagent grade Fe(N03)3-91120) was 0.2 M, 
solutions of this concentration having been shown to be stable.^ A mixed 
tertiary mercaptan (Sulfole B-8) was obtained from Phillips Petroleum 
Company. Fructose was obtained from the Sugar Research Foundation of 
Massachusetts Institute of Technology; glucose was Mallinckrodt C.P.; 
and sodium pyrophosphate decahydrate was Mallinckrodt A.R. 

Charging, Polymerization, and Sampling Procedures 

With the exception of the iron salt, all water-soluble ingredients (sugar, 
soap, and pyrophosphate) were charged as aqueous solutions; the mer¬ 
captan and CHP were added as solutions in styrene; and the butadiene 
was added by weight, allowing a slight excess to boil off in order to remove 
air in the gas phase. The container was capped and shaken, and then the 
iron salt was injec-ted through the sealant gasket® and the (charge was placed 
on a rotor in a water bath at 30®. By adding ferrous salts in this way, air 
oxidation of ferrous iron, which is very rapid in alkaline pyrophosphate, 
was minimized; data illustrating this are given btdow. For th(‘ sake of 
uniformity, ferric salts were added in the same manner. The ( ontainers 
used were 4-oz. screw cap bottles, with molded Buna-N gaskets. Gener¬ 
ally the total weight of the charge was approximately 50 g. Conversions 
were determined by the total solids method, with quinhydrone as inhibitor, 
using the “ejection” technique of sampling as described by Williams and 
Johnson."^ 


FUNDAMENTAL RECIPE 

Tlje recipe which has been studied in the present work is given on page 
393. 

The mechanism of activation by the peroxide-iron-sugar system has 
been discussed in the previous paper. ^ In brief, the proposed mechanism 
is that the sugar reduces the (complex) ferric iron to the (complex) ferrous 
state; the ferrous iron is oxidized by the peroxide, probably with the for¬ 
mation of organic free radicals, which initiate polymerization. The ferric 
iron is continually reduced by the sugar, so that polymerization continues 
to take place as long as there is sufficient peroxide, sugar, and monomer. 
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Fundamental Recipe: 

IngredioDt Parte by weight 

Butadiene. 75 

Styrene. 25 

Water. 180 

Potassium myristate. 5.0 

Sulfole mercaptan. 0.35 

Na4P2O7l0H2O. ... 1.0 

Cumene hydroperoxide (56.5%).. . . Variable 

FeS 04 • 7 H 2 O or Fe(N 03)3 • 9 H 2 O.... Variable 

Reducing sugar . Variable 

Temperature: 30 °C. 


In a sense the iron salt may be regarded as a catalyst in the oxidation of the 
sugar by the peroxide; but since it is the reaction between the peroxide 
and the ferrous iron rather than that between the peroxide and the sugar 
which is chiefly responsible for initiation (see below), it seems preferable to 
state the mechanism in such a way as to focus attention on the peroxide- 
ferrous iron reaction. 

RECIPE CONTAINING FERRIC IRON AND GLUCOSE 

The use of ferric iron in the fundamental recipe gives slightly lower rates 
of polymerization than that of ferrous iron; on the other hand, the system 
with ferric iron is simpler and the results are more readily interpreted, and 
hence this type of recipe will be discussed first. 

Variation of the Amount of Ferric Iron 

Data showing the effect on the rate of conversion when the amount of 
ferric iron is varied while the amounts of pyrophosphate, CHP, and glucose 
are held constant are shown in Figure 1, which is plotted with a logarithmic 
abscissa. For convenience, a similar curve obtained with ferrous iron is 
plotted in this figure but is discussed in a later section. The amounts of 
CUP used in the polymerizations of Figure 1 are sufficient to keep the rate 
of conversion linear up to and beyond 1.5 hours (see below), so that the 
1.5-hr. conversions, which are plotted in Figure 1, represent the initial 
rates of polymerization. 

The curves obtained with three different amounts of CHP go through 
maxima in the neighborhood of 0.036 part ferric nitrate nonahydrate; 
evidently the initial rates of conversion depend on the absolute amounts of 
ferric iron and of CHP and not on the ratio between these amounts. The 
decrease in initial rates of conversion with large amounts of ferric iron can¬ 
not be explained at present. From the practical standpoint it is of im¬ 
portance that the amount of ferric iron can be varied over a fourfold range 
in the neighborhood of the maximum rate (0.018-0.072 part Fe(N 03 )j- 
9 H 2 O) with very little change in the rate of conversion. 
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Rar1» of Nq,^0, IOH^O 


Fig. 2. Conversions after l.S hrs. of polymerization with 1 part of glucose and 

0.0483 part of CHP. 

(1) 0.036 part of Fe(N0i),-9H>0; (2) 0.145 part of Fe(NQiV9HjO; (3) 0.009 part of 
Fe(NO,),-911,0: (4) 0.0045 part of Fe(N0,V9H,0; (5) 0.58 part of Fe(N0,),-9H,0. 
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Variation of the Amount of Pyrophosphate 

The effect of variation in amount of pyrophosphate, with constant 
amounts of iron, CHP, and glucose, is shown in Figure 2, which is plotted 
with a logarithmic abscissa. With a concentration of ferric nitrate nona- 
hydrate of 0,036 part or less, the optimum amount of pyrophosphate is 1 
part; while with larger amounts of iron, the optimum amount of pyro¬ 
phosphate is greater than 1 part. The rates of conversion with the smaller 
amounts of iron (0.009 and 0.0045 part of Fe(N08)s*9H20) are all less than 
with 0.036 part of Fe(N08)a-9H20 and 1 part of pyrophosphate. While a 
slightly higher rate of conversion can be obtained by increasing the amounts 
of both iron and pyrophosphate above 0.036 and 1 part, respectively, this 
does not appear advisable from a practical standpoint. With 1 part of 
pyrophosphate and 0.036 part of ferric salt, the molar ratio of pyrophos¬ 
phate to iron taken is 25.2. 

Variation of the Amount of CHP 

Conversion-time curves obtained with varying amounts of CHP are 
shown in Figure 3; conversions obtained after 1.5 hours of polymerization 



Fig, 3, Conversion-time curves with 1 
part of glucx>8e and 0.036 part of ferric ni¬ 
trate nonahydrate. 

(1) 0.0483 part of CHP; (2) 0.0242 part of 
CHP; (3) 0.0193 part of CHP; (4) 0.0145 part 
of CHP; (5) 0.00967 part of CHP; (6) 0.00483 
part of CHP. 

are plotted against the amount of CHP taken, in Figure 4. Curve 1 of 
Figure 3 is a typical polymerization curve obtained with the fundamental 
recipe with optimum concentrations of ingredients. The rate of conversion 
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is practically constant from the beginning of polymerization up to about 
70-80% conversion, after which it decreases continuously. Provided 
sufficient CHP was taken, curves of this shape have been obtained with all 
amounts of iron and pyrophosphate which have been studied. The virtual 
linearity of the conversion-time curve over such a wide range makes this 
recipe particularly attractive from a practical standpoint. 

It is seen from Figure 3 that the initial rates of conversion obtained with 
varying amounts of CHP are nearly the same, but that the rate of conver¬ 
sion drops off sharply at conversions which are lower as less CHP is taken 
in the charge. Up to conversions at which this sharp drop takes place, an 
increase in the amount of CHP taken causes a slight decrease in the initial 
rate of conversion, as shown in Figure 4. 



Fig. 4. Conversions after 1.5 hrs. of polymerization with 1 part of glucose. 
(1) 0.145 part of FeCNOOa'OHjO; (2) 0.036 part of Fe(N 03 ),- 9 H 2 (). 


With the exception of the charge prepared with the highest amount of 
CHP, very little conversion was found to take place in the charges of 
Figure 3 between 4 and 8 hours of polymerization, so that the conversions 
obtained at 8 hours may be tentatively regarded as the limiting conversions 
reached after complete exhaustion of the CHP; a more exact interpreta¬ 
tion is given below. A plot of these 8-hour conversions vs, concentration 
of CHP (Fig. 5, curve 2) shows that the conversions reached with the four 
smallest amounts of CHP fall on a straight line, with a slope of 34% con¬ 
version per 0.01 part of cumene hydroperoxide (per 100 parts of mono¬ 
mer). The fact that the points obtained with larger amounts of CHP do 
not fall on the straight line is a result of the normal falhng-off of the rate of 
conversion with any polymerization recipe at very high conversions. 
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Separate experiments have shown that injection of a small amount of 
CHP to a latex in which polymerization has practically ceased, such as 
Nos. 2-6 of Figure 3, brings about renewed rapid polymerization. While 
analyses have not been carried out of the very small amounts of CHP 
present in such latices, it is reasonable to suppose that the CHP is very 
nearly exhausted when the conversion-time curve starts to drop off sharply, 
i,e,y that nearly all the CHP taken is consumed over the linear portion of 
the coiiversion-tirne curve. Since the conversion-CHP curve is also 
linear over this range, this means that the rate of consumption of CHP is 
practically constant over the linear portion of the conversion-time curve. 



Fig. 5. Conversions after given times of polymerization 
with 0.036 part of Fe(N 03 ) 3 * 9 Il 20 . 

(1) 0.3 part of glucose, 9 hrs. of polymerization; (2) 1.0 part of 
glucose*, 8 hrs. of polymerization; (3) 3.0 parts of glucose, 9 hrs. 
of [polymerization; (4) 10 parts of glucose, 3 hrs. of fKPlyraerization. 

Data such as those of Figure 5 can be used to derive the rate of consumption 
of CHP, as shown in the following section. 

From the practical standpoint, the above results indicate that in order 
to obtain a given conversion in the shortest time of polymerization, the 
amount of CHP taken sliould be the minimum required to keep the con¬ 
version-time curve linear up to this conversion. In large-scale industrial 
polymerizations, where close control of variables cannot be achieved, it 
would be preferable to take somewhat more than this optimum amount of 
CHP. 

The practice is sometimes followed of determining the effect of variables 
upon a recipe by comparing the conversions of a series of charges after 
only a single time of polymerization. Particularly misleading results may 
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be obtained in this way with redox recipes, where exhaustion of one of the 
redox components may cause a dead-stop; cf. Figures 3 and 4. With the 
present technique of sampling,’ this operation requires relatively little 
time, so that complete determination of a conversion-time curve for each 
charge prepared, which is always desirable, is readily accomplished. 

RELATION BETWEEN RATE OF CONVERSION AND RATE OF 
CONSUMPTION OF CHP 

Determination of Rate of Consumption of CHP 

The linear relationship between the amount of CHP charged and the 
conversion reached after longer times of polymerization, discussed above, 



part Fc(N 08)8*9H20 and varying amounts of potassium myristate, fructose, 
and cumene hydroperoxide. 

(1) 10 parts K myristate, 0.3 part fructose, 1.5 hrs.; (2) 10 parts K myristate, 0.3 part 
fructose, 2.5 hrs.; (3) 10 parts K myristate, 1.0 part fructose, 3 hrs.; (4) 2.5 parts K 
myristate, 0.3 part fructose, 5.5 hrs.; (5) 2.5 parts K myristate, 1.0 part fructose, 2.5 hrs. 

has been found with a number of recipes which give conversion-time curves 
similar to those of Figure 3. As an approximation it may be considered 
that in each of these recipes the initial rate of conversion is constant, inde¬ 
pendent of the amount of CHP charged or remaining, until no CHP is 
left, and that thereafter no conversion takes place. Although this ap- 
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proxirnation is not exact, a fairly accurate estimation of the rate of dis¬ 
appearance of CHP can nevertheless be obtained as follows. Charges are 
prepared containing different amounts of CHP, and the conversions ob¬ 
tained after a given time of polymerization are plotted against the amount 
of CHP taken in the charge. If the time chosen is such that all the CHP 
has been exhausted in each of the charges within this time, then the points 
(below about 75% conversion) are found to lie on a straight line, the slope 
of which is the percentage conversion resulting from the charging (or con¬ 
sumption) of a given amount of CHP; the slope is therefore the inverse of 
the conversion-rate of disappearance of cumene hydroperoxide. Thus the 
quotient of the rate of conversion by the slope of the conversion-CHP line 
is the rate of consumption of cumene hydroperoxide. 

A large number of polymerizations has been carried out with varying 
amounts of soap and sugar (glucose or fructose), the amounts of CHP taken 
in each recipe being varied so as to permit determination of the rate of con¬ 
sumption of CHP, as above. Some of the data obtained are shown in 
Figures 5 and 6. The effects upon the rate of conversion of the amounts of 
soap and of sugar are best understood in terms of the relationship between 
the rate of conversion and the rate of consumption of CHP, which is ac¬ 
cordingly discussed immediately below. 

Theoretical 

As indicated above, the mechanism of polymerization in the fundamental 
recipe is assumed to be as follows. The ferric iron, which is present in the 
aqueous phase as the pyrophosphate complex, is reduced by the sugar; 
the ferrous iron thus formed reacts with CHP, probably in the aqueous 
phase (see below), with the formation of the phenyldimethylmethoxy radi¬ 
cal, C 6 HbCO(CII 3 ) 2 . This radical must soon enter the organic phase 
(taken here to include the soap micelles, in which monomer is solubilized, 
and the monomer-swollen polymer particles, in addition to the emulsion 
droplets and bulk organic phase), where it will react with monomer to form 
a growing polymer (;hain. Formation of a growing chain may also occur 
in the aqueous phase by reaction of the phenyldimethylmethoxy radical 
with dissolved monomer, but the growing chain will, in general, enter the 
organic phase early in its life. Conditions affecting this transfer are dis¬ 
cussed in a following section. 

By virtue of the extremely large interfacial area of the micelles and poly¬ 
mer particles compared with that of the emulsion droplets and of the bulk 
organic phase, transfer will be almost entirely to the micelles and swollen 
polymer particles, which together form the locus of polymerization.®*^®®"^ 
A general treatment of emulsion polymerization under such conditions^ 
where the radicals are formed in the aqueous phase and are then transferred 
to the locus, has been given® and has been shown to be in agreement with 
results obtained for the persulfate-initiated emulsion polymerization of 
styrene.® On the other hand, the behavior of a persulfate-initiated buta¬ 
diene-styrene copolymeratizion system cannot readily be interpreted ac- 
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cording to this general theory, as will be shown in a subsequent publication 
from this laboratory. 

Smith and Ewart® distinguish three limiting cases: Case f, in which 
radicals can transfer rapidly out of the particles (locus), so that the average 
concentration of radicals per particle is much less than one; Case 2, in 
which radicals cannot leave the locus, but where termination is very rapid 
(or the particles are very small), so that half the particles have one radical, 
and the other half have no radical; and Case 3, in which each particle con¬ 
tains several radicals. In the absence of a chain-transfer agent like mer¬ 
captan, Case 2 or 3 would appear likely; but in the polymerizations being 
considered here, where chain transfer takes place through mercaptan, 
there exists the possibility of transfer of the RS- radicals out of the parti¬ 
cles, so that Case 1 is also possible. 

The equations by Smith and Ewart for the rate of conversion according 
to their three cases may be represented as follows: 

Case 1 (with termination in the particles): dM/dt = 

( 1 ) 

Case 2: dM/dt = k 2 {M)N (2) 

Case 3: dM/dt = (3) 

where dM/dt is the rate of formation of polymer, and N is the number of 
particles, both per cubic centimeter of water; (M) is the (!oncentration 
of monomer in the particle; v is the average volume* of each particle; p 
and p' are the rates of formation of radicals and of their entry into the N 
particles, respectively; and the k values include kinetic and numerical 
constants. 

In Table I are given values of dM/dt and of p (based on 100 parts of 
monomers rather than on 1 cc. of water). Clearly in order to decide which 
of the above eejuations (if any) fits these data, information is required con¬ 
cerning (M), V, and particularly N. The value of (M) decreases gradually 
after about 50% conversion, but apparently not earlier, in a persulfate- 
butadiene-styrene recipe studied in this laboratory.“ The average volume 
of a particle should be proportional to the conversion, at least until (M) 
starts to decrease. 

It is known that in emulsion polymerization recipes in general the num¬ 
ber of particles in a charge remains nearly constant after about 10-20% 
conversion. Smith and Ewart predict that when Case 2 is followed, the 
value of N should be such that: 

dM/dt = fe4(M)p {dv/dl)-'\a.S)'^' (4) 

where a, is the area per gram of adsorbed soap, and S is the amount of soap 
(g./cc. of water). Analysis of Case 1 by the authors, following the proce¬ 
dure of Smith and Ewart, and assuming that p is constant and that all new 
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chains are started in micelles (as long as any micelles remain) gives the 
equation: 


N = h(a.S)’^‘p (5) 

from which: 

dM/di = (6) 

Calculation of N for Case 3 is not required, since, as shown below, this 
case predicts conversion-time curves of a different shape from those actu¬ 
ally found. 


Results and Discussion 

In the present work we have determined the rate of conversion and the 
rate of consumption of CHP; experimental difficulties have prevented ac¬ 
curate determination of the number of particles in these recipes. The ex¬ 
perimental results are summarized in Table I and Figure 7. 

Examination of Figure 7, which is plotted logarithmically, shows that a 
straight line with a slope of 0.5 can be drawn through the eight points, 
A, B, C, F, G, P, Q, and 11, while the other points lie below this line. The 
eight points on this line include all those determined with 10 parts of soap, 
and also those, with 5 parts of soap for which the rate of consumption of 
Clip IS relatively small. Thus it is seen that when sufficient soap is used, 
the rate of conversion is proportional to the square root of the rate of con¬ 
sumption of CHP; that is. 


dM/dt = (7) 

The same juoportionality constant is found for different amounts of fruc¬ 
tose or glucose, and for different amounts of soap. Of the five equations 
given above, only ecjuation (1) is in apparent close agreement with this 
experimental e([ua(ion. Ilowiwer, agreement between equations (1) and 
(7) would require that the number of particles. A', be independent of both 
the soap and sugar ••oncentrations. Intuilive rejection of this condition is 
supported by t he tlieoretical equation (5); although w e have not succeeded 
in establishing this point experimentally, it is safe to say that Case 1 can¬ 
not be regard(‘d as holding for I his system. 

C.ase 3 predicts that, the rate of (conversion w ould increase tlucoughout the 
polymerization of a given charge, as the volume of the particles increases. 
Thus, the rate of conversion at 40% conversion should be 40% greater 
than at 20% conversion. Actually the conversion-time curves found over 
a wide range of conditions are virtually straight lines up to high conver¬ 
sions, with a slight decrease (rather than increase) discwnible at moderate 
conversions. It does not seem likely that decrease in monomer concentra- 
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Monomer per hour) 


Fig. 7. Rate of conversion as a function of the rate of consumption of 
CUP in the fundamental recipe with 0.036 part of Fe(N08)8-9H80. Refer 
to Table I for description of points. Solid lines: best fit. Broken lines: 
slope of 2/5. 


TABLE I 

Rate of Conversion and Rate of Consumption of Cumene Hydro¬ 
peroxide WITH Varying Amounts of Soap (Potassium Myristate) and 
Sugar, in the Fundamental Recipe with 0.036 Part of Ferric Nitrate 

Nonahydrate 


T .. , SlojM? of Rale of 

Ingredienta, pta./l00 pta. m>noaiors Rate of onversion- conaumptiun Point 


Soap 

Glucose 

Fructoae 

- conversion, 
%/hr. 

CUP 

Hues 

of CHP, 
pts./hr , p 

of 

Fig 7 

5.0 

0.3 

— 

15 

50 

0 0030 

A 

5.0 

1 

— 

23 

34 

0.0068 

B 

5 0 

3 

— 

34 

27 

0.0126 

C 

5.0 

10 

— 

42 

15 

0.0276 

D 

2.5 

1 

— 

13 

42.5 

0.0031 

E 

10.0 

1 

— 

40 

22.5 

0 0178 

F 

‘ 5.0 

— 

0.3 

34 

20.4 

0.0167 

G 

5.0 

— 

1 

50 

11.6 

0 043 

H 

5.0 


3 

60 

7 4 

0.076 

I 

5.0 

— 

10 

75 

4.5 

0.167 

J 

2.5 

— 

0.3 

20 

18.7 

0.0107 

K 

2.5 

— 

1.0 

24 

8 7 

0.0276 

L 

2 5 

— 

3.0 

33 

6 0 

0.055 

M 

2 5 

— 

10.0 

44 

4 4 

0.10 

N 

10.0 

— 

0.3 

48 

15.8 

0.030 

P 

10.0 

— 

1.0 

68 

12.3 

0.055 

Q 

10.0 

— 

3.0 

110 

10.5 

0.105 

R 
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tions, or activity, (M), would exactly compensate the increase in volume 
of the particles. 

In Figure 7, straight lines with slopes of 2/5 (as predicted by equation 
(4), representing Case 2) are drawn through the points representing the 
experimental data obtained with different amounts of soap. Fair agree¬ 
ment is obtained with the data with 2.5 and 5 parts of soap; while with 10 
parts of soap, agreement is poor. With a given rate of consumption of per¬ 
oxide, the ratio of the rates of conversion with 5 and 2.5 parts of soap is 
1.50, as compared with the value of 1.52 predicted according to equation 
(4). However, the best line (with slope of 2/5) through the points with 10 
parts of soap, when compared with that through the points with 5 parts of 
soap, gives a ratio of only 1.24. Thus the equation for Case 2 appears to 
hold reasonably well with 5 or 2.5 parts of soap, but not with 10 parts of 
soap. 

As shown above, a completely satisfactory interpretation of the eflFect 
of the concentration of soap upon the rate of conversion, with a given rate 
of consumption of CUP, cannot yet be given. Experimentally, it appears 
that with larger amounts of soap, or with small rates of consumption of 
CHP, the square root relationship (7) holds. The most significant effect 
of the amount of soap should be upon the number of particles, which, how¬ 
ever, is difficult to measure accurately in these butadiene-styrene recipes 
of high rate of conversion. 

The above equations (l-S) for the rate of conversion were derived on the 
assumption that all radicals are produced in the aqueous phase, but that 
all termination takes place in the locus. Radicals produced under such 
conditions may be said to have an efficiency of 100%, since all enter the 
locus and have the opportunity of initiating polymerization. With rela¬ 
tively few particles (resulting from use of relatively little soap), or with a 
relatively high rate of radical formation, the concentration of radicals in 
the aqueous phase may become sufficiently great so that considerable 
termination of the radicals may occur in the aqueous phase. Since the 
concentration of dissolved monomer in the aqueous phase (not considering 
micelles or polymer particles) is very low, radicals which do not leave this 
phase before termination cannot give rise to formation of such polymer. 
Radicals formed under these conditions have a low efficiency. Decomposi¬ 
tion of CHP by reaction with radicals in the aqueous phase may also lead 
to an increased rate of consumption of CHP without a corresponding in¬ 
crease in rate of conversion. 

The experimental data of Figure 7 may be interpreted according to the 
above concept. With 5 parts of soap, the rate of conversion is proportional 
to the square root of the rate of consumption of CHP (expression 7) when 
the latter rate is small; but the rate of conversion falls below the value 
expected on the basis of this relation when the rate of consumption of CHP 
is large. With 10 parts of soap, equation (7) is followed with all the con¬ 
centrations of sugar studied; while with 2.5 parts of soap, it is not followed 
with any of the recipes studied. 
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Effect of Sugar 

The kind and amount of sugar taken in the fundamental recipe determine 
the rate of reduction of ferric iron, and hence the rate of consumption of 



Fig. 8. Uaien of consumption of CHP with 0.036 part of Fe- 
(N0rf)3-9H20 and varying amounts of sugar and soap. 

(1) 10 parts K iriyristate, fructose variable; (2) 5 parts K myris- 
late, fructose variable; (3) 2.5 parts K inyristate, fructose variable; 

(4) 5 parts K myristate, glucose variable. 

CHP. The rates of consumption of CHI^ found with varying amounts of 
glucose or fructose (Table I) are plotted as functions of the (H>ncentration 
of sugar in Figure 8. With a given amount of soap, it is seen that the rate 
of consumption of CUP is proportional to the two-thirds power of the 
concentration of sugar. The proportionality constant for fructose is six 
times as great as that for glucose, with 5 parts of potassium myristate. 
The significance of the two-thirds power is not understood at present, and 
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this relationship may in fact be merely coincidental. If the amount of 
soap used is sufficient so that relation (7) holds, then the rate of conversion 
will be proportional to the one-third power of the concentration of sugar. 

CRITICAL CONCENTRATIONS OF SOAP 

It has been shown by Harkins^®" and by McBain^*^*^ that the initial locus 
of polymerization in emulsion recipes is in the soap micelles. If the amount 
of soap present is below the critical concentration, so that no micelles are 
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Time n Hours 

Fi^. 9. Conversion- time curves with varying amounts of K laurate, in place 
of K myristate, and with 1 part of glucose, 0.036 part of Fe(N 03 ) 3 - 9 H 20 , and 
0.0967 part of CUP. 

(1) 5.0 parts K laurate; (2) 2.5 parts K laurate; (3) 1.25 parts K laurate; (4) 0.70 
part K laurate; (5) 0.60 part K laurate; (6) 0.575 part K laurate; (7) 0.55 part K 
laurate; (8) 0.50 part K laurate. 

present, iJicn liie rate of polymerization sliould be negligible. If the 
amount of soap is above the critical, polymerization will proceed initially 
in the micelles, and will continue in the polymer particles, with a rate de¬ 
pendent upon the amount of soap. We have determined eonversion-time 
curves of charges i*repared according to the fundamental recipe with vari¬ 
ous amounts of potassium myristate, laurate, or caprate. It is seen from 
Figure 9 that the rates of conversion obtained with each amount of laurate 
are nearly constant over a wide range of conversions. The dependence 
upon soap concentration of the rate of conversion of this redox recipe is 
thus markedly different from that of the mutual recipe; the results ob¬ 
tained in the mutual recipe with varying amounts of soap will be reported 
in the near future. 

In Figure 10 the conversions obtained after given times of polymerization 
are plotted as functions of laurate concentration. Tlie curves of Figure 10 
have sharp “breaks,” which occur at a concentration of 0,573 =*= 0.005 
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part of potassium laurate. Below this concentration practically no poly¬ 
merization takes place, while with larger aunounts of soap the rate of con¬ 
version increases very rapidly with incresising amounts of soap.'jThis 



Fig. 10. Conversions after given times of polymerization 
(data of Fig. 9). 

(1) 26 hrs.; (2) 20 hrs.; (3) 8 hrs. 

concentration may be taken as the critical concentration of potassium 
laurate iii this recipe. Values of the critical concentrations determined in 
this way with other soaps are given in Table II, together with values esti- 

TABLE II 

Critical Concentrations of Soaps in the Fundamental Recipe 
All Charges Contained 0.036 Part of Fe(IV0j)8-9H20 


Critical 


iDgredienta 


ooncn. 
from dye 

. aolubiliM* 

Cntical ooncn. in latex tion 


Soap 

Sugar (Parta) 

CHP 

ParU 

Molarity 

menta 

Caprate 

Fructose (3) 

0.10 

3.4 

0.090 

0.092 

Laurate 

Glucose (1) 

0.0967 

0.573 

0.0134 

0.017 

Myristate 

Glucose (1) 

0.0967 

0.44 

0.0090 

0.0053 
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mated from dye solubilization measurements^* in solutions of approxi¬ 
mately the same salt concentrations (0.05 N) as the aqueous phases of the 
latices. 

The agreement between the critical concentrations obtained from poly¬ 
merization data and from dye solubilization measurements is probably as 
good as can be expected. This appears to be the first recipe investigated 
in which critical concentrations can be established in this manner. A com¬ 
parison between the over-all rates of conversion found with different soaps 
is given further below. 

RECIPE WITH FERROUS IRON 

As shown in Figure 11, somewhat more rapid polymerization, particularly 
in the early stages, is found if ferrous iron is used in place of ferric iron in the 



Fig. 11. Conversion-time curves with 1 part of 
glucose and ferrous or ferric iron. 

(1) 0.10 part FeS 04 * 7 H 20 and 0.145 part cumene 
hydroperoxide; (2) 0.145 part Fe(N08)8*9H20 and 
0.0483 part cumene hydroperoxide. 

fundamental recipe. The maximum initial rate of conversion occurs with 
an amount of ferrous iron (0.025 part of ferrous sulfate heptahydrate) 
equivalent to the optimum amount of ferric iron (Fig. 1). In the recipe 
with ferrous iron, a certain amount of CHP is rapidly consumed by reaction 
with the ferrous iron charged. It is of both practical and theoretical im¬ 
portance to determine the reaction ratio of CHP to ferrous iron in this 
recipe. This ratio.may be designated as a “critical ratio,” since in order 
to achieve continuing polymerization up to high conversions it is necessary 
that the ratio of the amounts of CHP and ferrous iron charged be greater 
than the critical ratio. 
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Determination of the Critical Ratio 

Experimentally the principal difficulty in the determination of the critical 
ratio is the necessity for complete removal of oxygen from the charge. It 
is well known that the ferrous pyrophosphate complex is readily air- 



Fig. 12. Conversion-lime curves with 1 part of glucose and 
0.10 part of FeS 04 ’ 7 H 20 ; charges prepared in nitrogen. 

(1) 0.145 part of GHP; mole ratio, 1.50; (2) 0.116 part of CHP; 

. mole ratio, 1.20; (3) 0.106 part of CHP; mole ratio, 1.10; (4)® 

0.0967 part of CHP; mole ratio, 1.00; (5)® 0.0967 part of CHP; mole 
ratio, 1.00; (6) 0.0870 part of CHP; mole ratio, 0.90; (7) 0.0725 
part of CHP; mole ratio, 0.75; (8) 0.0484 part of CHP; mole ratio, 

0.50. (“ Charges run on different days with different solution.) 

oxidized. Some titrations have been carried out to determine the extent 
of this air-oxidation in solutions of the concentrations used in the funda¬ 
mental recipe with 0.1 part of FeS 04 - 7 H 20 and 1 part of Na 4 P 2 O 7 * 10 H 2 O 
per 180 parts of water. 10-ml. volumes of the pyrophosphate and ferrous 
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solutions were mixed in a 125-mL Erlenmeyer flask and allowed to stand 
with or without air bubbling at room temperature. The solutions were 
then acidified and titrated with ceric sulfate. With no air bubbling, it 
was found that the ferrous iron was 40% air-oxidized in less than 15 sec., 
70% in 10 min., and 85% in 30 min. With air bubbling, oxidation was 
99.5% complete in 10 min. 

If charges are prepared in such a way that some air-oxidation of the fer¬ 
rous iron may occur, then the apparent critical ratio will be in error. We 
have found that with charges prepared in three different ways, but with 
the ferrous iron and pyrophosphate solutions mixed in the presence of air. 



Time in Hours 

Fig. l.Sa. Conversion-time curves with 1 part of glucose and 0.036 part Fe- 
(N0»)3*9H20, with ferrous iron injected after 45 min. of polymerization. 


Curve 

CHP taken 

FewS04'7HtO 

injected 

Mole ratio 

1 

0.232 

0.204 

1.18 

2 

0.213 

0.206 

1.07 

3 

0.193 

0.204 

0.98 

4 

0 174 

0.196 

0.92 


polymerization continues up to high conversions when the molar ratio of 
CHP to ferrous iron nominally taken is 0.75; whereas, as shown below, 
charging in such a manner as to prevent air-oxidation of ferrous iron results 
in very low conversions with this mole ratio of ingredients. With the 
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method of charging described in the beginning of this paper, in which the 
ferrous iron is injected to the charge after addition of all other ingredients, 
air is removed from the gas phase by flushing with butadiene. To deter¬ 
mine the critical ratio with greatest accuracy, it is also necessary to remove 
dissolved oxygen from the solutions. Experiments were carried out with 
charges prepared with all solution flushed for at least 30 min. with purified 



Fig. 13b. Conversion-time curves with 1 part of glucose and 0.036 part Fe- 
(N0a)s’9H20, with ferrous iron injected after 43 min. of polymerization. 

FeS04-7Hi0 

Curve CHP taken injected Mole ratio 

1 0.116 0.104 1.15 

2 0.0871 0.102 0.88 

nitrogen, with the exception of the soap solution, which was prepared by 
adding the solid potassium myristate to the nitrogen-flushed water. The 
data are shown in Figure 12. It is seen that the rate of conversion in 
charges with a molar ratio of CHP to ferrous iron of approximately 1.0 or 
less drops off very sharply, coming to almost a dead stop "at conversions 
which are in general higher as more CHP is taken. With ratios of 1,10 or 
1.20, polymerization continues up to at least 55% conversion, with no 
indication of a dead-stop. 

Further experiments were carried out in which the solutions were not 
flushed with nitrogen, but in which dissolved oxygen was removed from 
the charge by allowing polymerization to proceed for a short time, with 
ferric iron as catalyst, before injecting ferrous iron. It is known^* that 
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growing polymer chains react rapidly with oxygen. The data obtained 
are shown in Figure 13, in which the dotted axes set off the curves obtained 
after addition of ferrous iron. As in the previous experiments, the con¬ 
versions attained after longer times of polymerization are much higher 
with a molar ratio of slightly greater than 1.0 than with a slightly smaller 
molar ratio. Results similar to those of Figure 13 have been found with a 
sample of purified (95% pure) CHP. In contrast to the sudden rise in 



Fig. 13c. Conversion-time curves with 1 part of glucose and 0.036 part Fe- 
(N0i)j-9H20, with ferrous iron injected after 45 min. of polymerization. 


Curve 

CHP taken 

FeS0i-7n20 

injected 

Mole ratio 

1 

0.0580 

0.051 

1.18 

2 

0.0628 

0.052 

1.25 

3 

0,0508 

0 052 

1.01 

4 

0.0459 

0 052 

0.91 


final conversion with a small increase in molar ratio in the neighborhood 
of 1.0, comparable or even larger increases in this ratio in the region below 
1.0 give relatively small increases in final conversion (Figs. 12 and 13). 
Thus, with 0.2 part of ferrous sulfate heptahydrate, an increase of only 9% 
in the amount of CHP taken, in the neighborhood of a ratio of 1.0, almost 
doubles the conversion taking place between the time of injection of ferrous 
iron and the time at which the rate of conversion drops off sharply (Fig. 
13a); with 0.1 part of iron, a similar increase in conversion results from a 
30% increase in the amount of CHP taken, in the vicinity of this ratio 
(Fig. 13b); and with 0.05 part of iron, a 20% increase in CHP gives a 
similar increase in conversion (Fig. 13c). It may be concluded that an 
amount of CHP equimolar to that of ferrous iron is consumed rapidly by 
direct reaction with the ferrous iron charged (or injected) as such, while 
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any CHP charged in excess of this amount is consumed much more slowly 
by reaction with ferrous iron formed in the sugar-ferric iron reaction, as in 
recipes in which the iron is charged in the ferric state (discussed above). 
Thus, the critical ratio in the experiments of Figures 12 and 13 is 1.0. 

Interpretation of these results presents some difficulty. By extension 
of the work of Baxendale, Evans, and Park^^ it would be expected that the 
reaction between ferrous iron and CHP would form free radicals which 
would initiate polymerization, and that consumption of radicals in this way 
would lead to a 1:1 molar reaction ratio. The experimentally determined 
critical ratio and the fact that considerable polymerization (up to 20%) 
takes place in charges with less than the critical amount of CHP (Fig. 12) 



Fig. 14. Conversion-time curves in the absence of sugar. 

(1) 0.025 part FeSO^-TH^O, 0.0727 part of CHP; (2) 0.036 part Fe(N 03 ) 3 * 9 H 20 , 
0.0484 part of CHP; (3) 0.20 part FeS 04 - 7 H 20 , 0.2422 part of CHP; (4) 0.29 part 
Fe(N 03 ) 3 * 9 H 20 , 0.0484 part of CHP. 

are in apparent accord with this interpretation, if it is assumed that initia¬ 
tion by the direct reaction between CHP and the ferrous iron charged con¬ 
tinues until the dead-stop is reached. However, separate experiments 
have shown that the initial rate of conversion in these charges is the same 
as in charges with a larger amount of CHP, and only slightly higher than 
in charges with ferric rather than ferrous iron. On the other hand, we have 
established^® by analytical determinations that when ferrous iron and CHP 
are mixed to form an emulsion containing benzene, water, soap, and pyro¬ 
phosphate, the reaction is 90% complete within 5 min. Furthermore, as 
shown in a subsequent section (Fig. 14), the rate of conversion in charges 
with no sugar, with either ferrous or ferric iron, is very small. Thus it 
appears that the sugar plays some direct role in promoting polymerization 
in charges such as those of Figures 12 and 13, with less than one mole of 
iron. 

In a discussion of the Fenton reaction^ we have shown that free radicals 
or other active intermediates, formed by interaction of ferrous iron with 
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hydrogen peroxide or an organic hydroperoxide such as CHP, react with 
several organic compounds, including alc^ohols and sugars, with the forma¬ 
tion of organic free radicals, ultimately leading to formation of stable oxida¬ 
tion products of the organic compounds. The radicals formed from sugars 
may themselves be able to initiate polymerization, but may be more stable 
than those formed by interaction of ferrous iron and CHP. It appears 
that CHP and reducing sugars can react directly with formation of free 
radicals which initiate polymerization; thus, in iron-free alkaline recipes 



Fig, 15. Conversion-time curves in the presence or 
absence of iron, with 1 part of sugar. 

(1) fructose, 0.036 part of Fe(N 03 ) 3 ' 9 H 20 , 0.0726 part 
of CHP; (2) glucose, 0.036 part of Fe(N 03 ) 3 - 9 H 20 , 

0,0483 part of CHP; (3) fructose, no iron, 0.08 part of 
CHP; (4) glucose, no iron, 0.08 part of CHP; (5) glucose, 
no iron, 0.121 part of CHP, 5.4 parts of KOH in place of 
pyrophosphate. 

containing CHP and sugar (Fig. 15), polymerization occims wliich is con¬ 
siderably faster than that obtained in the abscn(;e of sugar (Fig. 14). 
However, it cannot be staled whether initiation in such recipes is brought 
about by radicals derived from the sugar, or from the CHP; or whether, 
indeed, minute traces of heavy metals present as impurities may not play 
an important role. 

When ferrous iron and CHP react in aqueous solution, in the absence of 
monomers or other organic compounds, the molar reaction ratio is in the 
neighborhood of 1.0, as a result of indu(-ed decomposition of the CHP.’® *' 
It is possible that in charges prepanid with ferrous iron, the reaction of CUP 
with the ferrous iron charged actually initiates very little polymerization, 
owing to a very low efficiency of the radicals formed in the aqueous phase 
(see above); but that the reaction ratio nevertheless is in the neighborhood 
of 1.0, owing to induced decomposition of CHP, as above. 
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Radicals formed in a complex system such as the aqueous phase of a 
charge prepared according to the fundamental recipe can undergo a number 
of competing reactions with ferrous or ferric iron, dissolved monomers or 
CHP, free soap, or the sugar or its oxidation products, in addition to enter¬ 
ing the micelles or polymer particles. Further studies are in progress to 
get a better understanding of the role of the sugar in the redox recipe under 
consideration. 

Increment Addition of CHP and Ferrous Iron 

If the reaction between ferrous iron and CHP initiates polymerization, 
it would be expected that addition of small amounts of these ingredients to 
a charge at frequent intervals would bring about rapid polymerization. 
Experiments have been carried out in which these ingredients were added 
at short intervals to charges containing sugar and other ingredients of the 
fundamental recipe. In a typical experiment, a charge was prepared ac¬ 
cording to the fundamental recipe with 1 part of glucose, 0.0967 part of 
CHP, and 0.010 part of FeS 04 ‘ 7 H 20 ; at 10-min. intervals, 0.010 part of 
FeS 04 * 7 H 20 (dissolved in 0.2 ml. of water) was injected, until a total of 
0.090 part of FeS 04 * 7 H 20 had been added (including that initially charged). 
The conversions obtained during the first 80 min. were approximately the 
same as those of the fundamental recipe without increment addition; the 
rate of conversion dropped off sharply at about 50% conversion, due to 
exhaustion of the CHP. In other experiments it appeared that some in¬ 
crease in conversion took place after each addition of ingredients; how¬ 
ever, the results were not conclusive. 

EFFECTS OF CHANGING KIND OF ACTIVATOR, EMULSIFIER, 
AND OTHER INGREDIENTS 

In the preceding pages we have shown the effects of variation in the 
amounts of each of the ingredients of the fundamental recipe, with the ex¬ 
ception of the monomers and water. The effects of omission of various 
ingredients or their replacement with similar compounds are presented 
below. 


^ Omission of Sugar 

Results of polymerizations with the fundamental myristate recipe in the 
absence of sugar are shown in Figure 14. With small amounts of iron, a 
rate of about 2% per hour is found. The rates obtained with the smaller 
amounts of iron are higher than those obtained with the larger amounts of 
iron. Ferrous iron eliminates the induction period found with ferric iron, 
which is probably caused by dissolved oxygen. However, it appears that 
in the absence of sugar the reaction between ferrous iron and CHP is too 
rapid to bring about significant polymerization; the recipes are in effect 
ferric iron recipes, whether ferrous or ferric iron is charged. 

Sugar-free recipes have been developed with soap peroxides as oxidizing 
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agent and complex ferric salts as “activators”; in these recipes we have 
found that the mercaptan is the active reducing agent. This work will be 
described later in detail. The mechanism of initiation in the ferric iron 
recipes of Figure 14 appears to be similar to that of the soap peroxide 
recipes. 

In a rosin recipe (see below) with ferrous iron and DDM, a rate of con¬ 
version of 2% per hour was found in the absence of sugar. 

In contrast to the poor rates of conversion found with the CHP-iron 
system in the absence of reducing agents, large rates have been found^’ 
with benzoyl peroxide and ferrous iron in the absence of other reducing 
agents. It is (.‘lear that with benzoyl peroxide, wliich is highly insoluble 
in water, the rate of reaction between benzoyl peroxide and ferrous iron 
under the (conditions of the polymerization is sufficiently small so that this 
initiation reaction continues for a reasonable period of time; while with 
easily water-soluble the reaction is so rapid as to give exhaus¬ 

tion of the CHP or ferrous iron in a slujrt time. For this reason the use of 
reducing agents that react at a suitable rate with ferric iron is essential in 
the CHP recipe with soluble iron salts; the rate of conversion is then de¬ 
termined by the over-all rate of reduction of ferric iron. Redox recipes 
with various reducing agents other than sugars are being studied at present 
in this laboratory. 

A suitably slow reaction between ferrous iron and CHP can also be ac¬ 
complished in a sugar-free recipe in which the ferrous iron is introduced as 
a suspension of a very slightly soluble ferrous salt. In this manner, the 
concentration of dissolved ferrous iron is kept extremely small and the 
rate of production of free radicals is determined by the rate of solution of 
the ferrous suspension under the experimental conditions. Attractive 
rates of ccuiversion have been obtained, even at 0°C., in a sugar-free recipe 
with CHP and a suspension of ferrous sulfide, as will be described in a sub¬ 
sequent paper. Undoubtedly, other slightly soluble ferrous iron com¬ 
pounds will be found suitable for this purpose. Recipes of this type dem¬ 
onstrate unequivocally that the reaction between ferrous iron and CHP 
can initiate copolymerization of butadiene and styrene. 

If ferrous iron is added to a charge in the absenc^e of pyrophosphate or 
other complexing agent, a precipitate of ferrous myristate is formed which 
dissolves to only a very limited extent in the organic phase, as shown in 
separate experiments which will be described at a later date. The behav¬ 
ior of ferrous myristate is thus comparable to that of ferrous sulfide, with 
the exception that solution of the former probably takes place into the or¬ 
ganic phase, and of the latter, probably into the aqueous phase; although 
the extent to which both dissolve under the experimental conditions is very 
slight. In a charge containing only monomers and water, soap, sulfole 
mercaptan, ferrous sulfate heptahydrate (0.25 part), and CHP (0.394 
part), without sugar or pyrophosphate, a conversion of 10% was obtained 
after one hour at 30°; thereafter, a rate of roughly 1% per hour was ob¬ 
tained up to 23 hours. 
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Omission of Iron in the Presence and Absence of Pyrophosphate 

Omission of iron in the fundamental recipe, in the presence of pyrophos¬ 
phate, leads to S-shaped conversion-time curves of much smaller rate of 
conversion than obtained in the presence of iron (Fig. 15, curves 1-4). The 
charges of Figure 15 were prepared with water which had been distilled in 
an all-glass system. It seems that direct reaction between the CHP and 
the reducing sugar takes place and that this reaction initiates polymeriza¬ 
tion with a relatively small rate in this recipe. 

In recipes of high alkalinity (see below) the rate of conversion in the ab¬ 
sence of iron is very great, but a large amount of CHP is consumed. Thus 
in curve 5 of Figure 15 a final conversion of 15% was attained (with 0.121 
part of CHP), while in a similar charge with 0.0242 part of CHP a final 
conversion of only 7% was reached. 

Aluminum gives no catalysis of polymerization in recipes with either 
pyrophosphate or potassium hydroxide (see below), whether the aluminum 
is used in place of or in addition to the iron. 

We have obtained data in a rosin recipe (see below) in the absence of 
iron and pyrophosphate, at a temperature of 50°. Here also, the curve is 
S-shaped and the rate is much less than in the presence of iron. Similar 
data have been reported by Vandenberg and Hulse®; however, these 
authors emphasized the effect of the iron “to eliminate initial periods of 
very slow polymerization” and suggested that “the iron activator does not 
exert a controlling influence on the polymerization rate.” This view does 
not seem tenable for the recipes under consideration in light of the low 
rates of conversion found throughout the polymerizations in the absence of 
iron. 


Use of Various Complexing Agents 

Complexing agents other than pyrophosphate have been studied in the 
fundamental recipe (with myristate). As seen from Figure 16, the rates 
of conversion obtained with the five complexing agents studied are of the 
same order of magnitude; it is possible that systematic study of the opti¬ 
mum conditions of polymerization with any of these compounds might 
yield recipes of equal or greater rate of conversion than that of the pyro¬ 
phosphate recipe at 30°. 

Complexes in which ferric iron and the reducing sugar are chemically 
bound together may be of interest in redox recipes. Traube and co-work- 
ersi8,i9 have investigated the complex salts of ferric iron and various poly- 
hydric alcohols, sugars, and sugar acids which are formed in alkaline solu¬ 
tion. 

Following their procedure, a solution of the soluble sodium salt of the 
ferric iron-glucose complex was prepared by pouring 24 ml. of a solution 
of glucose (2.97%) and ferric nitrate nonahydrate (0.431%) into an equal 
volume of 0.5 potassium hydroxide. A clear orange solution was formed; 
the absence of a precipitate indicates the stability of the glucose-iron com- 
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plex. This solution was tried as an activator in the fundamental recipe 
in place of the glucose, iron, and pyrophosphate; thus, the recipe con¬ 
tained 1 part of glucose, 0.145 part of ferric nitrate nonahydrate, and 0.9 
part of KOH, with no pyrophosphate. The conversions obtained with 



Fig. 16. Conversion-lime curves with 0.036 part of Fe- 
(N 03 ) 3 ' 9 H 20 , 1 part of fructose, and 0.0967 part of CHP, 
and complexing agents other than pyrophosphate. 

Complexing agent (all 1 part): (1) sodium pyrophosphate 
decahydrate; (2) potassium oxalate monohydrate; (3) potas¬ 
sium tartrate hemihydrate; (4) potassium fluoride; (5) potas¬ 
sium citrate monohydrate. 


this recipe arc given in Figure 17. The rate of conversion is roughly 18% 
per hour. Approximately the same rate of conversion was obtained with 
a charge prepared in a similar manner, with 1 part of tripotassium phos- 
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phate in place of sodium hydroxide. The rate in the recipe with KOH 
depends upon the amount of alkali taken (Fig. 17); with 5.4 parts of KOH, 
the initial rate is higher than that of the fundamental recipe (with pyro¬ 
phosphate), but the polymerization comes to a dead-stop (compare with 



Fig. 17. Conversion-time curves with ferrigluoose complexes. 

(1) 0.145 ferric nitrate, 0.0242 CHP (fundamental recipe); ( 2 ) . 

0.145 ferric nitrate, 0.145 CHP, 1.0 K 1 PO 4 ; (3) 0.145 ferric nitrate, 

0.145 CHP, 0.9 KOH; (4) 0.145 ferric nitrate, 0.145 CHP, 0.15 KOH; 

(5) 0.145 ferric nitrate, 0.145 CHP, 5.4 KOH. 

curve 5 in Fig. 15, ctuned out in the absence of iron). In a similar recipe 
with 1 part of fructose and 5.4 parts of KOH, a conversion of 41% was 
found in 1 hour, but polymerization soon came to a dead-stop at 55% con¬ 
version. )^th 1 part of fructose and 1 part of tiipotassium phosphate, a 
rate of 32% per hour was found, and polymerization continued up to high 
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conversions. The rate of consumption of CHP is unusually high in these 
recipes. From experiments carried out in the absence of iron (Fig. 15) it 
may be concluded that a large proportion of the CHP is consumed by di- 



Fig, 18. Conversion-time 
curves with 0.5 part of K 2 SO 4 
in place of pyrophosphate. 

(1) no Fe(N 03 )a- 9 Hj 0 ; (2) 
0.0022 part of Fe(N 03 ) 3 - 9 H 20 ; 

(3) 0.009 part of Fe(N 03 ) 3 . 9 H 20 ; 

(4) 0.036 partof Fe(N 03 ) 3 - 9 H 20 ; 

(5) 0.144 part of Fe(N 03 ) 3 - 9 H 20 . 



Fig. 19. Conversion-time curves with various salts in the presence and absence 

of iron. 

(1) no iron, no salt; (2) 0.036 part of Fe(N 03 ) 3 ’ 9 H 20 , 0.5 part of K2SO4; (3) 0.036 
part of Fe(N08)i-9H20. 0.5 part of Na 4 P 207 lOH20; (4) no iron, 1 part of Na4P20r- 
lOHtO. 


rect reaction with the sugar in strongly alkaline media, without at the same 
time leading to much polymerization. 

Experiments have been carried out to determine whether iron can exert 
its normal catalytic function in the fundamental recipe in the absence of 
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complexing agent. Data obtained with potassium sulfate (added to 
maintain latex fluidity) in place of pyrophosphate are shown in Figs. 18 
and 19. Small amounts of iron are seen to give a very pronounced in¬ 
crease in the rate of conversion in the absence of pyrophosphate. As in the 



Fig. 20. Conversion-time curves with various peroxides (myris- 
tate recipe, 1 part of fructose). 

(1) cumene hydroperoxide (0.0967 part); (2) Uniperox 90 (OuOS part); 
(3) Uniperox 90 (0.20 part); (4) feri-butyl hydroperoxide (0,05 part); 
(5) feri-butyl hydroperoxide (0.20 part). 


presence of pyrophosphate, the optimum amount of Fe(N08)8’91120 is 
0.036 part. The rate of conversion with this amount of iron is about 2/3 as 
great in the absence as in the presence of pyrophosphate. Similar results 
were found with potassium chloride, potassium carbonate, or potassium 
sulfate, or with no added salt; also, identical conversions were obtained 






REDOX RECIPES, II 


421 


with charges to which the iron had been injected after mixing alljthe other 
ingredients, and with charges to which the iron had been added after adding 
the soap and potassium sulfate solutions but before adding the fructose. 

The rate of conversion in these recipes without pyrophosphate is less 
than in the recipes in which the ferric iron-fructose complex is formed ac¬ 
cording to the procedure of Traube (above). It is not certain whether, 
in the recipes of Figure 18, an appreciable amount of the iron may be kept 
in solution as the complex with fructose, or whether virtually all the iron 
may be present as the iron soap. 

Use of Various Peroxides 

Redox recipes employing benzoyl peroxide have been described by 
Marvel and co-workers.Siiu^e the behavior of these recipes differs 



0 2 4 6 0 10 


Tme tn Hours 

Fig. 21. Conversion-time curves with rosin 
soap, using 1 part of glucose and 0.1 part of 
FeS047H20. 

(1) CHP (0.17 part^; (2) Uniperox (0.15 part); 

(3) Uniperox (0,30 part); (4) ferf-butyl hydroper¬ 
oxide (0.15 part); (5) (er/-butyl hydroperoxide 
(0.30 part); (6) tert-hutyi hydroperoxide (0.05 part); 

(7) Uniperox (0.05 part). 

fundamentally in rpany respects from that of the CHP recipes, presentation 
of results which we have obtained with such recipes will be deferred to a 
later date. Recipes developed in this laboratory, employing soap per¬ 
oxides in both the presence and absence of reducing agents, will also be de¬ 
scribed subsequently; in general, the behavior of soap peroxide recipes is 
very similar to that of CHP recipes. Use of various other peroxides in 
place of CHP in the fundamental recipe is described below. 
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The following two peroxides have been investigated in the fundamental 
recipe with myristate at 30®: Uniperox 90, a mixture of hydroperoxides <rf 
structure wimilsr to that of CHP, supplied by Union Oil Company of Cali¬ 
fornia; and fer/-butyl hydroperoxide (Union Bay State Co.). It is seen 
from Figure 20 that Uniperox gives somewhat less rapid polymerization 
than does CHP, while feri-butyl hydroperoxide is much less effective. 
Similar results have been found with the rosin recipe (see below); here, 
however, the rate of conversion obtained with the optimum amount (0.15 
part) of Uniperox 90 is only very slightly less than that with CHP (Fig, 
21 ). 


Use of Various Emulsifiers 

Conversion-time curves obtained with various soaps are shown in Figure 
22. Similar rates of conversion are found with 5 parts of laurate or myris- 



part of CHP, and various soaps. rosin recipes. 

(1) K myristate (5 parts), glucose (1 (1) fundamental recipe with myristate; 

part); (2) K laurate (5 parts), glucose (1 1 part of glucose, 0.10 part of FeS 04 * 7 H 20 , 

part); (3) SF (Procter & Gamble) (5 and 0.145 part of CHP; (2) fundamentel 
parts), glucose (1 part); (4) Aerosol AY recipe with rosin 731 soap (5 parts); 1 
(10 parts), fructose (1 part); (5) K cap- part of glucose, 0.10 part of FeS 04 * 7 H 20 , 
rate (5 parts), glucose (1 part). and 0.17 part of CHP. 

tate, while with 5 parts of caprate a much lower rate is obtained, due in 
part to the fact that less than half the caprate charged is micellized (see 
above). The rate with a commercial sodium soap (Procter & Gamble 
RRC Standard SF flakes) is about 18% per hour, compared with 23% for 
myristate in the same recipe. Emulsifiers other than fatty add soaps 
have also been used in this recipe. With SA-178 (technical s^um di-sec- 
butylnaphthalene sulfonate) and with Aerosol OT (dioctylsodium sulfo- 
sucdnate) very small rates of conversion were found. In the case of 
Aerosol OT, the small rate of conversion appears to be due to neatly com¬ 
plete transfer of the detergent into the organic phase. With 5 parts of 





REDOX RECIPES. II 


423 


Aerosol AY (the corresponding amyl ester), small and poorly reproducible 
rates were obtained. This is because the amount of Aerosol AY charged 
was in the neighborhood of the critical concentration of this detergent. 



Fig. 24. Conversion-time curves with rosin soap, using 1 part of glucose, 
0.17 part CHP, and various amounts of FeS 04 ‘ 7 H 20 . 

(1) 0.1 part of FeS 04 * 7 H 20 ; (2) 0.05 part of FeS 04 - 7 H 20 ; (3) 0.02 part of 
FeS 04 - 7 H 20 ; (4) 0.01 part of FeS 04 ' 7 H 20 . 



Fig. 25. Conversion-time curves with rosin soap, using various sugars. 
(1) L-sorbose (1 part); (2) fructose (1 part); (3) invert sugar (1 part); (4) glu¬ 
cose (3 parts); (5) glucose (1 part). 
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With 10 parts of Aerosol AY, a somewhat higher rate results (Fig. 22), but 
the rate is still much less than that obtained with myristate. 

As mentioned in the beginning of this paper, the early study of this 
recipe was carried out with dehydrogenated rosin soap (sodium soap of 
Hercules rosin #731). As shown in Figme 23, the rate of conversion ob¬ 
tained with this emulsifier in the fundamental recipe with 0.1 part of ferrous 
sulfate is approximately half as great as in the recipe with myristate. In 
contrast to the myristate recipe, decrease of the amount of ferrous sulfate 
in the rosin recipe below 0.1 part lowered the rate of conversion quite 
sharply (Fig. 24). Variation of the amount of CHP gave results which were 
qualitatively similar to those found in the myristate recipe, but the investi¬ 
gation was not extensive. Increase of the amount of glucose or replace¬ 
ment of glucose with L-sorbose, fructose, or invert sugar gives an increased 
rate of conversion (Fig. 25). Some of these recipes, particularly that with 
invert sugar, are of practical importance. The effects of omission and re¬ 
placement of other ingredients in both the myristate and the rosin recipes 
have been considered together above. 

Omission of Mercaptan. Use of Primary i?s. Tertiary Mercaptan 
Retardation by Ammonium Ion 

In butadiene-styrene recipes with persulfate as “catalyst,” mercaptan is 
essential to obtain high rates of conversion. “ In redox recipes, on the 
other hand, high rates of conversion are obtained in the absence as well as 

TABLE III 

Effect of Mercaptan and Ammonium Sulfate 
All Charges Contained 1 Part of Glucose 

Conversion 


Soap 

Mercaptan (part) 

(NH«)iS04 

(part) 

after 

3 hrs.. % 

Myristate. 

_ — 

— 

55 


— 

0.002 

48 



0.01 

31 


— 

0.10 

15 


Sulfole (0.35) 

"T- 

67 


Sulfole (0.05) 

— 

70 


Sulfole (0.35) 

0.002 

69 


tt 

0.01 

65 


• t t« 

0.10 

47 


Sulfole (0.05) 

0.10 

40 


DDM (0.5) 

— 

68 


“ (0.075) 

— 

69 


“ (0.5) 

0.10 

57 


“ (0.075) 

0.10 

50 

Rosin. 

Sulfole (0.35) 

— 

33 


1* «( 

0.0125 

28 


tt «• 

0.125 

16 


<t (• 

0.125* 

34 

* Charge contained 0.1 part of sodium hydroxide. 
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the presence of mercaptan.The principal role of mercaptan in such 
recipes is as a modifier or chain-length regulator of the polymer. 

The ammonium ion has been found to be a retarder in other polymeriza¬ 
tion recipes and its effect upon the fundamental recipe was therefore 
studied. Both in the recipe with rosin soap and in the recipe with myris- 
tate, the ammonium ion acts as a retarder in the absence of mercaptan, the 
retardation being more pronounced with rosin than with myristate. Ad¬ 
dition of mercaptan tends to overcome this retardation; a primary mer¬ 
captan of the average composition of n-dodecyl mercaptan is more effective 
in this respect than a tertiary mercaptan (sulfole). Data iJlustrating this 
are given in Table III. Special precautions were taken in cleaning the 
Buna-N gaskets used with the mercaptan-free charges; some controls 
were run with aluminum gaskets. All water used was made ammonia- 
free by distillation from dilute sulfuric acid. 



Fig. 26. Disappearance curves of DDM and sul- 
fuie mercaptan in the rosin recipe: (1) DDM; (2) 
sulfole. 


In the myristate recipe with 0.35 part of <er^-dodecyl mercaptan (sul¬ 
fole), as much as 0.01 part of ammonium sulfate causes no appreciable re¬ 
tardation. This amount of ammonium sulfate is equivalent to 15 mg. of 
ammonium ion per liter of water in the charge. Ordinarily it should not 
be necessary to remove ammonia from water used in preparing charges ac¬ 
cording to the myristate recipe with sufficient mercaptan; however, in 
this recipe in the absence of mercaptan, or in the rosin recipe in the pres¬ 
ence of mercaptan, purification of the water is advisable. Addition of 
alkali in the rosin recipe counteracts the retardation caused by ammonium 
ion. 

In the rosin recipe without added ammonium ion, nearly identical rates 
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of conversion were found with sulfole or DDM; however, normal modifica¬ 
tion was obtained with sulfole, whereas DDM gave poor modification. 
This is illustrated in Figure 26, giving the disappearance curves of lerU 
(sulfole) and n-dodecyl(DDM) mercaptans, respectively. 

The authors wish to acknowledge the advice and interest of Prof. E. J. Meehan of 
this University, particularly on the work with rosin soap. Most of the experimental 
work described in this paper was carried out by Miss Rebecca Held, for whose careful 
technique the authors have great appreciation. 
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Resume 

Une recette redox de copolym6risation du butadic^ne et du styrene & 30® est d6crite. 
Les composaiits de ce syst^me sont: Thydroperoxyde de cumene (CHP), un complexe 
soluble pyrophosphate de fer, et un sucre r6ducteur; r^rnulsifiant est le myristate de 
potassium pur, et le /er/-dodecyl mercaptan est additionn6 comme modiiicateur. Les 
concentrations optimales de fer ferrique, du pyrophosphate et du CHP olit 6t6 6tablis 
exp6rimenta]ement. S’il y a tr^ peu de CHP, la polymerisation s^arr^te brusquement 
^ des conversions, qui sont en rapport lineaire avec la quantity de CHP utilise. De 
cette relation, et etant donne une vitesse de conversion sensiblement constante, on a pu 
calculer la vitesse de consommation du CHP. Cette vitesse est proportionnelle k la 
puissance ^/s de la quantite de sucre, la constante de proportionalite etant six fois plus 
eievees avec le fructose qu’avec le glucose. Quand on utilise suffisament de savon, la 
vitesse de conversion est proportionnelle k la racine carree de la vitesse de consommation 
du CHP; avec trop peu de savon, cette relation fait defaut; apparemment, la reaction 
CHP-fer ferreux, qui produit les radicaux, se passe en phase aqueuse; si il y a suffisa- 
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ment de savon present, ces radicaux p^n^trent la phase organique, oCi la polymerisation 
a lieu. Au contraire, avec peu de savon, beaucoup de radicaux sont terminus en phase 
aqueuse par reaction reciproque, sans donner lieu h polymerisation. Alternativement, 
les resultats avec 2.5 et 5 (non avec 10) parties de savon sont en accord avec les relations, 
pr6dites par Smith et Ewart, dans le cas 2 envisage par ces auteurs, au cours duquel la 
vitesse de conversion est proportioimelle k la puissance 2/5 de la vitesse de production de 
radicaux et k la puissance ^/i de la concentration en savon. 

Avec des concentrations de savon inferieures k la valeiir critique, il n’y a pas de poly¬ 
merisation; par contre, un l^ger accroissement de la quantity du savon au voisinage de 
la concentration critique dorine lieu ^ un accroissement considerable de la vitesse de 
conversion. Quand on utilise un sel ferreux, celui-ci reagit rapidement avec le CHP dans 
un rapport rnoieculaire apprximatif de 1/1. Les effets de differentes modifications dans 
les ingredients de la forrnule proposee sont renscignes. 

Zusammenfassung 

Es wird eine Redox-Vorschrift fiir die Copolymerisation von Biitadien und Styrol bei 
30° beschriehen. Die Komponenten des Redox-Systems sind Cumolhydroperoxyd 
(CHP), ein loslicher Pyrophosphat-Eiscn Komplex und ein reduzierendcr Zucker; das 
Emulsionsrnittel ist reines Kaliummyristat, und tertiiires Dodecylmerkaptan wird als 
Modifikationsrnittel heigcfligt. Optimale Konzentrationen fiir 3-wertiges Eisen, Pyro- 
phosphat und CHP wurden experirnentell bestimmt. In Gegenwart von sehr kleinen 
Mengen von CHP kommt die Polymerisation plotzlich vollstiindig zum Stehen, bei 
I Imsatzgraden, die in linearer Bcziehuiig zu der angewendeten Menge CHP steheii. Aus 
ditiser Beziehung, zusammen mit der nahezu konstanten Umsatzgeschwindigkeit, kann 
die Verbrauchsgeschwindigkcit von CHP berechnet werden. Diese Verbrauchsgesch- 
windigkeit ist der */3 Potenz der Zuckermenge proportionell, wobei die Pro|)ortionali- 
tiitskonstaiite fiir Fruktose 6 riial so gross wie die fiir Glukose ist. In Gegenwart von 
geiiiigend Seife ist die Umsatzgeschwindigkeit der Quadratwurzel der Verbrauchsgesch- 
windigkeit von CHP pro}K)rtionelI; aber mit wenig Seife stirnmt diese Beziehung nicht. 
Offenbar findet die Rcaktion zwischen CHP und 2-wertigem Eisen, welche freie Radikale 
liervorbringt, in der >\assrigen Phase statt; wenn geniigend Seife vorhanden ist treten 
die Radikale in die organische Phase fiber, wo Polymerisation stattfindet; mit wenig 
Seife dagegen enden viele Radikale in der wassrigen Phase, indem sie unter einander 
reagieren, ohne dass Polymerisation eintritt. Moglicherweise kann man annehinen, dass 
Daten mit 2.5 und 5 (aber nicht mit 10) Teilen Seife der von Smith und Ewart voraus- 
gesagten Beziehung ffir den Fall 2 dieser Autoren folgen, wobei die Umsatzgeschwindig¬ 
keit der 2/5 Potenz der Produktionsgeschwindigkeit der Radikale und der Vs Potenz 
der Seifenkonzentration proportionell ist. 

Bei Seifenkonzentfationen unterhalb der kritischen Konzentration tritt praktisch 
keine Polymerisation ein; dagegen bewirkt eine kleine Zunahme der Seifeninenge in 
der Gegend der kritischen Konzentration einen scharfen Anstieg der Umsatzgeschwindig¬ 
keit. Bei Benutzung von 2-wertigem Eisen reagiert dieses schnell mit CHP im unge- 
fahren Molverhiiltnis 1:1. Die Wirkiing verschiedener Xnderungen der Bestandleile 
der Vorschrift wird gegeben. 

Received June 18, 1949 
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Untersuchung einer katalysierten Leinolstandolko- 
chung unter Heranziehung der Ultraviolettspektro> 
graphic (Vergleich mil nichtkatalysierten 
Prozessen) 


A. MASCHKA und A. MENDL, Insiitut fur Physikalische Chemie der 
Technischen Hochschule, Wien 


EINLEITUNG 

^tlbcr die Vorgange, die sich beim Kocheii von Leinbl abspielen und die 
zur Bildung eines Standoles luhren, gibt es verschiedene Ansichten. Auf 
Grund der Ergebnisse neuerer Arbeiten erscheint nachstehende Reaktions 
folge als die wahrsclieinlichste; 

Die isolierten Doppelbindungen der Leinolfettsauren lagern sich beim 
Erhitzen zu konjugierten Die Systeme mit konjugierten Doppel¬ 

bindungen gehen dann Ringschlussreaktionen im Sinne einer Diensynthese 
nach Diels-Alder cin.^ Dies kann eintreten—bei Vorliegen einer drei- 
fachen Konjugation—innerhalb einer Fettsaurekette, zwischen zwei 
Fettsaureketien, die demselben Glyceridmolekiil angehoren, und schliess- 
lich zwischen solchcn verschiedener Glyceridmoiekiile. Iin ersten Falle 
sprichl man von Intrafettsaure, “polymerisation,” im zweiten von intra- 
molekularer “Polymerisation” und im letzten von intermolekularer Poly¬ 
merisation. Nur die letzte ist einc wirkliche Polymerisation, die zu einer 
Molekiilvergrosserung fiihrt. 

Nach diesem Schema miisste es wahrend des Kochprozesses zunaclist 
zu einer Anreicherung der Systeme mit konjugierten Doppelbindungen und 
im weiteren Verlauf wieder zu einer Abnahme kommen, w^as nach den 
Untersuchungen von Pestemer und Tschinkel,® sowie Bradley und Richard¬ 
son* auch zutrifft. Die erstgenannten Autoren sprechen die Vermutung 
aus, dass die intramolekulare Polymerisation zunachst ablauft und erst im 
Anschluss daran die intermolekulare stattfindet. Damit finden sie auch 
den experimentellen Refund in Ubereinstimmung, dass der steile Anstieg der 
Viskositat erst zu- einem Zeitpunkt eintritt, wenn pro Glyzeridmolekiil 
zwei Doppelbindungen aufgespalten sind, was einer intramolekularen Poly¬ 
merisation pro Molekiil im Sinne einer Diels-Alder Diensynthese ent- 
spricht. (Wegen naherer Einzelheiten sei auf die Originalarbeit hinge- 
wiesen.) In einer Arbeit von E. Schauenstein^ wird gezeigt, dass die 
Zunahme der Viskositat von einer angenahert proportionalen Mokekularge- 
wichtszunahme begleitet ist, womit die Vermutung von Pestemer und 
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Tschinkel nach Ansicht des Autors eine weitere Bestatigung erfahrt. 

In der vorliegenden Arbeit werden Leinolstandolkochungen mit und 
ohne Katalysator untersucht um festzustellen, ob beim katalysierten 
Prozess ahnliche Verhaltnisse auftreten wie sie oben beschrieben wurden. 
Weiters wird auch der Kochprozess eines mit 0.2 Gew. % Bleiglatte sicca- 
tivisierten Firnisses sowie der eines Leinolstandolfirnisses untersucht. 

EXPERIMENTELLES 

Zur Verwendung gelangte eiii handelsiibliches Lackleindl, das aus Kaiiada 
stammte und das in der Fabrik mit Schwefelsaure raffiniert und mit Lauge 
entsauert worden war. Seine Daten sind: Jodzahl (nach Wijs, Einwir- 
kungsdauer 30 Minuten): 181.5 g. Jod/100 g. Leinol; Verseifungszahl: 
183 mg. KOH/Gramm Leinol; S*aurezahl: 1.56 mg. KOII/Gramm Leinol ; 
Brechungsindex: no* = 1.4785; spezifisches Gewicht: 0.9312 g./crn.®; 
Viskositat: 0.4785 Poisen bei 20®C. 

Prozess I: 750 cm.^ dieses Leiniils wurden in einem 1 Liter Jenaer- 
Weithalsrundkolben bei 285 =*= 1°C. im Luftbad 28 Stunden gekocht. 
Dabei wurde Kohlensaure durch das 6l geleitet (11.2 Liter pro Stunde), um 
eine inerte Atmosphere zu schaffen und das 01 durchzumischen. Die 
Kohlensaure wurde einer Bombe entnomraen und durch Pyrogallollosung 
und konz. Schwefelsaure geleitet. In Abst'anden von 4 Stunden wurden 
mittels einer vorgewarmten Pipette 75 cm.® als Probe zur Untersuc hung 
entnommen und zwecks Stoppung des Reaktionsablaufes mit Leitungs- 
wasser gekiihlt. Die Pipette wurde dutch eine fiir diesen Zweck vorgesehe- 
ne, verschliessbare Offnung des Korkstopfens eingefuhrt. 

Prozess II: wie oben, jedoch wurden dem Leinol 0.5 Gew.% Nickelfor- 
miat und 0.5 Gew.% Asbestfasern zugegeben.® Bei dieser Methode wird 
das katalysierende Nickel unmittelbar im Medium hergestellt, weil sich 
wahrend der Anheizperiode bei etwa 230°C. das Nickelformiat zersetzt, 
wobei sich das feinverteilte metallische Nickel in aktivster Form auf den 
Asbestfasern niederschlagt. In diesem Falle wurde die Kohlensaure bloss 
iiber das Leinol geleitet und die Durchmischung von einem mit 95 Um- 
drehungen pro Minute rotierenden Glasriihrer besorgt. Intervall zwischen 
aufeinanderfolgenden Probenahmen 30 Minuten, Kochdauer funf Stunden. 

Prozesse III und IV: 250 cm.® Leinol bzw. 50 cm.® Standol entsprechend 
der Probe D (siehe spater), jeweils mit 0.2 Gew.% Bleiglatte versetzt, wur¬ 
den ohne Kohlensaure bei 230°C. zwei Stunden gekocht. 

An den einzelnen Proben wurden folgende Bestimmungen vorgenom- 
men: Jodzahl (nach Wijs, Einwirkdauer 30 Minuten), Viskositat, spezi¬ 
fisches Gewicht, Brechungsindex (aus den letzten beiden wurde die spezi- 
fische Refrakticm berechnet), Saurezahl und Ultraviolettabsorption, 

Die Messung der Viskositat erfolgte mit einem Ubbelohde-Viskosimeter 
mit hangendem Kugelniveau bei 20®C. unmittelbar an der entnommenen 
Probe. Die so erhaltene kinematische Zahigkeit wurde in die absolute 
umgerechnet. 
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Die spektroskopischeri Untersuchungen warden mit dem Uiiiversal- 
spektrographen von Zeiss (9 X 12) unter Verwendung des 21 teiligen 
Kuvettensatzes nach Scheibe durchgefuhrt. Als Losungsmittel diente 
n-Heptan oder ein bis zur optischen Leere gereinigtes Leichtbenziii. Als 
Lichtquelle wurde ein Funke zwischen Wolframelektroden verwendet. 

VERSUCHSERGEBNISSE 

Die Werte der Kennzahlon der Prozcsse I und II sind in den Tabellcn 
I und II und die graphiselie Darstellung in den Abbildungeii I und 2 
wiedergogeben, wobei der Zeitmasslab in Abbildung 2 funfmal so gross 
gewahlt wurde. I ini einen Vergleich zu crmoglichen, sind in Abbildung 3 
die von Pesterner und Ts(‘hinkeP mitgeteilten Ergebnisse einer techiiis(;hen 
Lciu(*)lstandblk()chung bei 285°C. unter verinindertern Druek (5-10 mm. 
Hg) dargestellt. 


TABE1.LE I 
Prozess I 


Kcich- 
duiior 
in Std 

J'rob« 

Wija’ache 
Jr^zahl 
g J/100 g 

V'istifwitat 

0 

0 

181 5 

0 1785 

i 

A 

167 6 

0 693 

8 

B 

IH 8 

3 33 

12 

C 

111.4 

12 85 

16 

D 

96 6 

78 23 

20 

K 

85 2 

225 00 

24 

V 

75 9 

— 

28 

G 

71 1 

— 


Dichle 

PIOO 

Rofrak- 

tion 

"d 

Spez 

Hefraktion 

sz 

rag. KOll 
/ff. 

(1 9312 

1 4761 

0 30395 

1 56 

<» 9313 

1 1778 

0 30378 

2 95 

0 9119 

1 4811 

0 30117 

3 38 

0 9517 

1 1838 

0 30053 

3 39 

0 9605 

1 4863 

0 29907 

3 40 

0 9616 

1 4869 

0 29811 

3 42 

0 9650 

1 1878 

0 29715 

3 11 

0 9652 

1 4881 

0 29712 

3 15 


TABELLE II 
Prozess II 


Koch- 
daiior 
in Std. 

l*robe 

Wijs'sdio 
Jc^zahl 
g. J/100 g. 

Visoositat 

TJiOO 

0 

0 

181 5 

0 4785 

0 5 

I 

174 9 

0 6323 

1 

IT 

153 4 

1 19 

1 5 

III 

127 2 

1.96 

2 

IV 

107 8 

2 92 

2 5 

V 

95 1 

4.07 

3 

VI 

86 8 

5 18 

3.5 

VII 

81 2 

7 55 

4 

VIII 

76 5 

12 5 

4.5 

IX 

73.1 

30,1 

5 

X 

70 1 

83 5 


Dichle 

P20O 

Rcfraktion 

Spez 

Refraktion 
(n» - 1) I 

(ri2>2)’p 

SZ 

mg 

KOll g. 

0 9312 

1.4785 

0 3010 

1.56 

0 9316 

1 1783 

0 3039 

3 82 

0 9325 

1 4771 

0 3030 

4 39 

0 9356 

1 4761 

0 3016 

4 57 

0 9110 

1 4771 

0 3002 

1 68 

0 9152 

1 4785 

0 2995 

4 72 

0 9461 

1.4747 

0 2990 

4 74 

0 9488 

1 4716 

0 2986 

4.76 

0.9502 

1 4790 

0.2983 

4 81 

0 9519 

1 4800 

0 2981 

4 81 

0.9525 

1 4801 

0 2979 

4.83 


Die Absorptionskurven des Leinols und der beim Prozess I entnomrnenen 
Proben sind in der Abbildung 4 dargestellt. Die entsprechenden Kurven 
von Prozess II zeigen die Abbildungeii 5 und 6. 
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Bezeichvwng B C D E F 
aer Probe s* 

Abb. 1. Kennzablenanderung deg Prozesses I. 



Probe III IV V w vu M tx X 
Abb. 2. Kennzablenanderung deg Prozeggeg II. 



Abb. 3. Kennzablenanderung des technigoben Prozeggeg. 
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Abb. 4. Absorption-Kurven der Proben des Prozesses I. 



Abb. 5. Absorption-Kurven des Prozesses II. 


Man erkennt, class die Absorptionskurve des Leinols zwei deutlich ab- 
gesetzte Maxima (bei 2288 A. und 2725 A.) aufweist, die auch bei den ein- 
zelnen im Laufe der Prozesse entnommenen Proben erhalten bleiben. Die 
Absorption des Leinols im langwelligen Ultraviolet! wird praktisch nur von 
Fettsauren mit konjugierten Doppelbindungeii hervorgerufen und zwar 







434 


A. MASCHKA UND A. MENDL 



Abb. 6. Absorption-Kurven der Proben des Prozesses II. 

wird nach^M. Pestemer^ das Maximum bei 2288 A. durch Fettsaureri mil 
zwei konjugierten Doppelbiiidungen (im vorliegenden Falle 9,iA-Linol- 
saure) uiid das bei 2725 A. durch Fettsaureii mit drei konjugierten Doppel- 
bindungen (Elaeostearinsaure oder hier cine isomere Linolensaure) iiervor- 
gerufen. Diesen: Maxirnalwerten entsprechen die molaren Extinktions- 
koefSzienten (nach Pestemer^): 9,11-Linolsaure e = 40,700 und Elaeo¬ 
stearinsaure € = 52,500. Daraus kanii man den speziellen Extinktions- 
koeffizienten fUr den Tri-9,ll-Linolsaureglycerinester e' == 140 und den 
fiir das entsprechende Glycerid der Elaeostearinsaure c' = 180 berechnen 



Abb. 7. Zwiscbenstoffkonzentratioii der zwei- und dreifach konjugierten 
Doppelbindungen^ enthalten in Fettsauren in €^w.% in Abhangigkeit von der 

Zeit in Stunden. 
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(c' = 3€ dividiert durch Molekulargewicht des Glycerides), e' ist gleich der 
Extiiiktion E bei der Schichtdicke d = 1 cm. und der Konzentration c' = 1 
g. Glycerinester pro Liter Losung. 

Den Anteil in Gew. % an Fettsaureglyceriden mit zwei, bzw. drei kon- 
jugierten Doppelbindungen in den cinzelnen Proben berechnet man aus 
der Extinktion E bei dem entsprechenden Maximum auf folgende Weise: 

E = €/'d m%:x% = e':e. 

In den Abbildungen 4 bis 6 ist jeweils log e' gegen die Wellenlange in 
Angstrom Einheiten (A.) aufgetragen. 



Abb. 8. Absorptionskurven von Firnissen. 


TABELLE HI 
Prozess 1 


Gew % Gew % 
Fetts Fotts 

mit mit 


IVobo 

i^g 

2725 A. 

Ixig f' 

2288 A. 

2725 A. 

2288 A. 

_c=c—C«= 

C—C=C— 

—c=»c- 
C—C— 

0 

-0.828 

-0 155 

0,149 

0 787 

0 070 

0.565 

A 

-0 480 

-fO 625 

0.332 

6 69 

0 185 

4.82 

B 

-0.237 

+0.950 

0 580 

8 92 

0 326 

6.425 

C 

-f 0.350 

+ 1.037 

2.24 

10 93 

1 244 

7.92 

D 

-0.308 

+0.812 

0 493 

6.50 

0 271 

4.67 

E 

-0.450 

+0 712 

0 355 

5.16 

0.171 

3.71 

F 

-0 575 

+0.280 

0.267 

1 908 

0 148 

1.37 
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Errechnet man in der oben angegebenen Weise die Anteile an Fett- 
saureglyceriden mit zwei und drei konjugierten Doppelbindungen fiir die 
einzebien Proben der Prozesse I und II (siehe die Tabellen III und IV) 
und trSgt deren Werte gegen die Zeit auf, dann erhalt man Abbildung 7. 
Ausserdem sind noch die entsprechenden Kurven der schon angefiihrten 
technischen Standolkochung eingezeichnet. 

Abb. 8 schliesslich zeigt die Absorptionskurven von Leinol-und Standol- 
firnis (Prozesse III und IV). 


TABELLE IV 
Prozess II 


Probe 

Log t* 

2725 A. 

Ijog t' 

2288 A. 

*0 

2725 A. 

*0 

2288 A. 

Gew.% 

Fetta. mit 

—c-c—C—C~ 

C—C— 

Gew.% 
Felts, mil 

~c«c— 

C—C— 

0 

-0.828 

-0.155 

0.149 

0.787 

0.070 

0.565 

I 

+0.241 

+0.772 

1.747 

5.94 

0.971 

4.26 

II 

+0.208 

+0.878 

1.619 

7.56 

0 899 

5.43 

III 

+0.132 

+0.981 

1.358 

9.58 

0.754 

6.88 

IV 

+0.109 

+ 1.083 

1 288 

12.13 

0.716 

8 72 

V 

+0.061 

+0.983 

1.151 

9 625 

0 639 

6 92 

VI 

+0.015 

+0.961 

1 037 

9.18 

0.576 

6 59 

VII 

-0.048 

+0.940 

0.896 

8.74 

0.498 

6 27 

VIII 

-0 079 

+0 913 

0.836 

8.20 

0.465 

5.88 

IX 

-0.105 

+0.870 

0.786 

7.43 

0 436 

5 33 

X 

-0.204 

+0.811 

0.627 

6.48 

0 348 

4.66 


DISKUSSION DER VERSUCHSERGEBNISSE 

Beim Vergleich der Abbildungen 1 bis 3 erkemit man, dass der Verlauf 
der Kennzahlenanderung mit der Zeit bei alien drei Prozessen qualitativ 
derselbe ist. Die mit Nickel katalysierte Kochung verlauft jedoch etwa 
fiinfmal so rasch. Auch die von uns durchgefiihrte Standolkochung unter 
Durchleiten von Kohlensaure bei Atmospharendruck verlauft schneller als 
der technische Prozess. 

Sehr deutlich kommen diese Verhaltnisse zum Ausdruck, wenn man die 
Zeiten vergleicht, die zur Erreichung einer bestimmten Viskositat erfor- 
derlich sind. Auch Jodzahl und spezifisches Gewicht sind bei gleicher 
Viskositat recht unterschiedlich (Tabelle V)^ 

TABELLE V 

Viakontat 30 Poimd (100 PoiMn) 

KoohMit SpuifiKshw 

(Studsn) Jodnhl GwiiAt (20‘C.) 


Techn. Kochung. 20(28) 109(103) 0.9582(0.9630) 

Prozess 1. 13.5(17) 106 ( 94) 0.9565(0.9615) 

Prozess 11. 4.5 (5.5) 74 ( 70) 0.9520(0.9530) 


In Abbildung 9 sind die spezifischen Refraktionen und die Viskositaten 
in Abhangigkeit von der Jo^ahl dargestellt. Man kann zwei Tatsachen 
erkennen: (i) Die spezifische Refraktion andert sich wahrend der ganzen 
Kochung angen^ert linear mit der Jodzahl; (2) Die starke Zunahme der 






UNTERSUCHUNG EINER LEINOLSTANDOLKOCHUNG 


437 


Viskositat erfolgt erst dann, wenn die Jodzahl (und wie aus 1 folgt auch 
die spezifische Refraktion) nur noch wenig abnimmt. 



Abb. 9. Anderung der Viskositat mit Jodzahl und Anderung der Jodzahl mit 
der spezilischen Refraktion. 


Wenn man voraussetzt, dass die Jodzahlsenkung durch das Verschwin- 
den von Doppelbindungen infolge von Diensynthesen nach Diels-Alder 
bcdingt* und das Molekulargewicht bei “beendcter’* Kochung doppelt so 
gross als zu Beginn ist,t dann spricht dieser letztere Befund gegen die 
Annahine, dass die starke Zunahme der Viskositat (bzw. des Molekularge- 
wichtes) durch intermolekulare Polymerisation (nach Diels-Alder) bewirkt 
wird. Denn bei den interrnolekularen Polymerisationen mussten eben- 
soviele Doppelbindungen verschwinden wie bei den intramolekularen. 
Dies wlirde vielmehr dafiir sprechen, dass der starke Viskositats (Moleku- 
largewichts) ansticg durch einen Vorgang bcdingt ist, der keine Doppel- 
bindungeii verbraucht. Als solcher kommt wohl in erster Linie die Urn- 
esterung in Frage. Man hatte also anzunehmen, dass in Ansehung der 
Viskositatszunahme zuriachst (solange die Jodzahl abnimmt) die inter- 
raolekulare Polymerisation und Umesterung iiebeneinander verlaufen, 
wobei iiber den Beitrag, den jeder dieser Vorgange zur Viskositatserhdhung 
liefert, nichts ausgesagt wird. Es ist zu bedenken, dass in diesem Stadium 
eine Umesterungsreaktion zwischen zwei Glyceriden zu eineni Dimeren 
fiihren kann und die inverse Umesterung daraus wieder zwei Mononiere 
liefert. Das heisst also, dass die Umesterung in diesem Falle sowohl 
viskositatserhohend wie auch erniedrigeiid wirken kann. Anders ist es 
jedoch, wenn die Moglichkeiten zu Diensynthesen weitgehend erschopft 

Diese Voraussetzung ist nur in erster Naherung richtig, da die konjugierten Doppel¬ 
bindungen mittels der Wijs’schen Jodzahl nicht quantitativ erfasst werden; daher 
besteht auch keine streng lineare Proportionalitat zwischen den Abnahmeii der Jodzahl 
und der spezilischen Refraktion. (Vgl. die zitierte Arbeit von Schauenstein.) 

t Bei den Prozessen I und II wurden Molekulargewichtsbestimmungen allerdings 
nicht durchgeftihrt. 
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Bind, wenn also eine bedeutende Jodzahlabnahme nichl mehr stattiindet. 
Dann kann die Umesterung jedenfalls nicht mehr viskositatserniedrigend 
wirken. Wenn man annimmt, dass die Umesterung wahrend der gesamten 
Kochung mit einer angenahert gleichbleibenden Geschwindigkeit verlauft, 
dann wiirde sie in der ersten Periode (solange noch keine Cyclohexenringe 
gebildet sind- Periode der Koiijugation der isolierten Doppelbindungen) 
naturgemass auch keine Viskositatserhohung bewirken koniien. In der 
zweiten Periode (die Jodzahlsenkung zeigt Polymerisation—etwa im Sinne 
der intramolekularen Cyclohexenbildung an) liefert sie positive und nega¬ 
tive Beitrage zur Viskositat, wobei die positiven wcgen der grosseren 
Zahl der Mogliehkeiten iiberwiegen diirften. Im nachsten Stadium des 
Kochprozesses, wenn die intermolekulare Polymerisation (Dimerisieruiig) 
an Bedeutuiig gewiiiiit, kommt auch noch der Beitrag dieses Vorganges 
zur Viskositatserhohung dazu. Schliesslicli wird der oben angedeutete 
Zustand erreicht (praktisch keine weiteren Mogliehkeiten zu Diensyn- 
thesen), in dem die iiberwiegende Zahl der mdglichen Umesterungen zu 
grosseren Molekiilen fuhrt. Dies ist die Phase des starken Anstieges der 
Viskositat. 

Sehr deutlich kommen diese Verbaltnisse zum Ausdruck, wenn man in 
Abbildung 9 die Jodzahlverrninderung im Bereiche des steilen Viskosi- 
tatsanstieges mit derjenigen vergleicht, die bis zum Beginn des Viskositats- 
anstieges auftritt. Bei Umrechnung der Jodzahlensenkungen auf die 
pro Molekiil Trilinolsaureglycerinester aufgespaltenen Doppelbindungen 
findet man folgende Zahlen (Tabelle VI). 

TABELLE VI 

Verniinderung der Doppelbindungeo 
pro Molekul 

T riliiiouaureglyoerinoBter 
bia Klim steilen im Bereioh des 
Anslieg der steilen 

Viskositiit Anstieges 

Techn. Prozess. 2.36 0.28 

Prozess 1. 2.36 0.80 

Prozess II. 3.64 0.24 

Hieraus ersieht man, dass schon vor dem Viskositatsanstieg mehr Doppel¬ 
bindungen pro Molekul verbraucht wurden, als einer intramolekularen 
Polymerisation entspricht, woraus folgt, dass offenbar auch die intermole¬ 
kulare schon vorher stattfindet. Liegt das Standol, wie Schauenstein*^ 
festgestellt hat, am Ende der Kochung dimer vor, dann miisste, wenn der 
Viskositatsanstieg durch intermolekulare Polymerisiation erfolgt, wahrend 
dieser Periode pro Molekul eine weitere Doppelbindung verschwinden, was 
aber nicht zutrifft. Entsprache das Molekulargewicht am Ende der iior- 
rnalen Kochung nicht gerade dem Dimeren wie es der Fall ist, dann konnte 
man noch denken, dass die geringe intermolekulare Polymerisation (die 
durch die minimale Jodzahlsenkung angezeigt wird) keinen sehr grossen 
Beitrag zur Viskositat liefert, und auf die Heranziehung der Umesterung 
zur Erklarung weitgehend verzichten. Ein gleicber Befund ergibt sich, 
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wenn man anstelle der Jodzahlen die Molekularrefraktionen heranzieht, 
weil diese Grossen einander fast direkt proportional sind (Abb. 9). 

Eine Voraussetzung fiir die Richtigkeit der vorstehend entwickelten 
Anschauungen iiber die Viskositatszunahme ware eine weitere Erhohung 
der Viskositat bei fortgesetztem Kochen des Staiidols. Das ZutrefTen 
dieser Forderung konnte jedoch nicht als sicherer Bewcis fiir die Richtig¬ 
keit betrachtet werden, weil die Proportionalitat zwischeii Viskositat und 
Molekulargewicht® nicht bestehen bleiben muss. 

Aus Abbildung 7 geht hervor, dass die zeitliche Anderung der Anteile 
rnit zwci konjugiertcui Doppelbindiingen bei den drei Prozessen ahnlich ist. 
Entsprechend deT grossen (iescfiwindigkeit beirn katalytischen Vorgang ist 
das Maxirmini der Zwischenstolfkonzentration viel friiher erreicht als bei 
den anderen beiden Prozessen, bei denen die Maxima zcitlich praktisch 
zusammenfallcn. Auffallend ist jedoch, dass es im ersten Falle einen 
wesentlich hoheren Wert erreicht als beiin technischen Prozess und ebenso 
auffallend ist, dass das Maximum unserer nicht katalysierten Kochung 
nahezu ebenso hoch liegt. 

Ahnliche Verlialtnisse liegen auch fiir die zeitliche Veranderung der 
Systeme mit drei konjugierten Doppelbindungcn vor, die nur in unter- 
geordneter Menge auftreten. Jedoch sind hier zwei IJrnstande bernerkens- 
wert: (/) Das Maximum beim Prozess I ist wesentlich holier als das bei 
der technischen Kochung, beide fallen aber zeitlich praktisch zusammen und 
treten gleichzeitig mit dem Maximum der zweifach konjugierten S>steme 
auf; (2) das Maximum beim katalysierten Prozess II hat angenahert den 
gleichen Wert wie in Prozess I (ahnlich wie fiir die zweifach konjugierten 
Systeme), wird aber zeitlich viel friiher erreicht. 

Die deutliche Unterschiedlichkeit des Prozesses II gegeniiber den beiden 
anderen kann nicht iiberraschen, wohl aber die betrachtliche Verschieden- 
heit zwischen unserer und der technischen Standolkochung. Die Ursache 
dafiir kann nicht mit Sicherheit angegeben werden. Es kommt aber vor 
allem offenbar der l instand in Frage, dass unser Versuch bei einer At- 
rnosphare Druck und der tei hnische Prozess im Vakuurn verlief. Da die 
Polymerisation mit einer Dichtezunahme einhergeht, kann demnach der 
Druck einen Einfluss, ausliben. Es ist aber auch denkbar, dass die Kohlen- 
saure in irgendeiner Weise dabei eine Rolle spielt. Dafiir spricht aber 
zunachst kein anderer Grund als der, dass sich ein Vorgang bei Anwesenheit 
und dor zweite bei Abwesenheit von Kohlensaure abspielte. 

Wenn die Zwischenstoffkonzentrationskurven einer quantitativen Aus- 
wertung auch nicht zuganglich sind, so kann man aus dem Anstieg der 
Kurven doch erkennen, dass der Lbergang der isolierten in konjugierte 
Doppelbindungen bei Prozess II weitaus am schnellsten und bei der tech¬ 
nischen Kochung am langsamsten erfolgt. Dass dieser Vorgang auch 
beim Prozess I viel rascher vor sich geht als beim technischen Kochen 
lasst sich vielleicht auch auf den Einfluss des Druckes zuriickfUliren. 
Versuche zur Feststellung ob und welchen Einfluss der Druck tatsachlich 
auslibt, aind beabsichtigt. 
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Da die Kurven fiir Prozess II quaUtativ mit den anderen iibereinstim- 
men, kann man schliessen, dass der Katalysator alle Teilreaktionen ziem- 
lich gleichmassig beschleunigt. Das rasche Erreichen des Maximums fiir 
dreifach konjugierte Systeme im katalysierten Prozess konnte so erklart 
werden; Der Katalysator beschleunight die Isomerisierung der Doppel- 
bindung; sobald in einer Fettsaurekette ein System von zwei konjugierten 
Doppelbindungen vorliegt, wirkt dieses auf die dritte—noch isolierte— 
Doppelbindung dieser Fettsaure ebenfalls aktivierend, sodass diese iinter 
der gleichsinnigen Wirkung beider Einfliisse besonders rasch auch in Kon- 
jugation iibergeht. 

Es ist auffallend, dass beim katalysierten Vorgang bei alien Viskositaten 
die Jodzahl weseiitlich niedriger ist als bei den anderen Prozessen. Dies 
kann als Folge des Katalysators aufgefasst werden, der die Doppelbindun¬ 
gen aktiviert und so rascher zum Abreagieren bringt. Es kann dies jedoch 
auch eine andere Folge des Katalysators sein*: Das Nickel konnte in den 
vorhandenen Cyclohexenringen dehydrierend wirken; der entstehende 
Wasserstoff lagert sich an Doppelbindungen, wodurch die Jodzahl sinkt. 

Sehr interessant erscheint uns der Umstand, dass bei alien drei Zwischen- 
stoffkonzentrationskurven fiir zwei konjugierte Doppelbindungen sowohl 
im ansteigenden als auch im absteigenden Ast ein zweites Maximum auftritt. 
Die vorliegenden Resultate sind fiir eine genaue kinetische Betrachtung 
nicht geeignet. Hiefiir miisste man vor allern durch entsprechende ex- 
perimentelle Bedingungen giinstigere Voraussetzungen schalfen. Das im 
vorliegenden Falle angewandte Leinol enthalt offenbar Glyceride von Fett- 
sauren mit einer, zwei und drei Doppelbindungen. Lctztere sind zum Teil 
anfangs schon konjugiert. Systeme mit drei Doppelbindungen, von denen 
aber vorerst nur zwei konjugiert sind, tauschen einen gar nicht vorhandenen 
Anteil an Fettsauren mit bloss zwei konjugierten Doppelbindungen vor. 
Die Zahl aller Zwischenformen und -Reaktionen, die moglich sind, um zu 
einern dimeren Glycerid ohne konjugierte Doppelbindungen als Endprodukt 
zu gelangen, ist ausserordentlich gross. Bei Vorliegen eines derart kom-* 
plexen Substrates wie es technisches Leinol darstellt, ist die exakte kine¬ 
tische Behandlung unmoglich. Selbst wenn man diese Untersuchungen 
an einem Modellkorper—etwa dem reinen Trilinolsaureglycerinester— 
anstellt, wird die exakte Losung wegen mathematischer Schwierigkeiten 
vielleicht unmoglich sein, sind doch auch in diesem Falle noch mehr als ein 
Dutzend verschiedener Zwischenstoffe mit und ohne konjugierte Doppel¬ 
bindungen denkbar, die in einer noch grosseren Zahl von mono- und bi- 
molekularen Reaktionenf zu einem dimeren Endprodukt ohne konjugierte 
Doppelbindungen fiihren konnen. 

Die Ergebnisse der Firniskochungen (Abbildung 8) zeigen, dass bei Pro¬ 
zess III (Leinol mit 0.2 Gew.% Bleiglatte zwei Stunden bei 230®C. unter 

* Diesen Hinweis verdanken wir einer privaten Mitteilung von Herrn Prof. Dr. 
Waldmann. 

t Dabel sind zur Vereinfachung nur Diels-Alder*sche Diensynthesen als koxuugierte 
Doppelbindungen verbrauchende Reaktionen angenommen. 
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Atmospharendruck gekocht) die Anteile der Fettsauren mit zwei konjugier- 
ten Doppelbindungen von 0.56 Gew.% auf 11.6 Gew. % und bei drei kon- 
jugierten Doppelbindungen von 0.08 Gew.% auf 0.35 Gew.% zunehmen. 
Die Jodzahl sinkt dabei von 181 auf 141. Fiir Prozess IV (Standolfirnis- 
kochung: Standolprobe D mit 0.2 Gew.% Bleiglatte zwei Stunden bei 
230°C. unter Atmospharendruck gekocht) lauten die Zahlen: Anteil der 
konjugierten Doppelbindungen nimmt von 4.7 Gew.% auf 3.3 Gew.% 
ab, der von dreifach konjugierten von 0.27 Gew.% auf 0.21 Gew.%. Die 
Jodzahl bleibt praktisch unverandert auf 96. Die Viskositat bei 20°C. 
sleigt von 78.2 Poisen auf 96.3 an. Nach den Ergebnissen von Prozess 
111, der qualitativ mit II ubereinstimrnt, konnte man der zugesetzten 
Bleiglatte ahnliche aktivierende Wirkung zuschreiben wie dem Nickel- 
katalysator. IV liefert keine charakteristischen Resultate. Dieser Vor- 
gang konnte als beschleunigte Weiterfuhrung der Standdlkochung aufgefasst 
werden. 
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Zusammenfassung 

(1) Laboratoriumsinassige Leiiiolstanddlkochungen mil und ohne Katalysator in 
Kohlensiiureatmosphure, sowie eine Leinoltirnis- und eine Leinolstanddlfirniskochung 
werden untersucht. (2) Neben den liblichen Kennzahlen werden auch die Ultraviolett- 
absorptionsspektren der einzelnen Proben erinittelt und daraus die Mengen der inter- 
mediar auftretenden Systeme rnit zweifach und dreifach konjugierten Doppelbindungen 
berechnet. (3) Diese ZwischensUdTkonzentrationskurven und die ubrigen Kennzahlen 
stimnien fur die beiden Standdlkochungen und einen in der Literatur beschriebenen 
technischen Prozess qualitativ iiberein. *Naturgemass verlauft der katalysierte Vorgang 
vie! rascher. (4) Aus den Ergebnissen wird der Schluss gezogen, dass die in der Litera¬ 
tur als wahrscheinlich hingestellte Reaktionsfolge (Konjugation der isolierten Doppel- 
bindungen—intra—bzw. intermolekulare Polymerisation im Sinne einer Diensynthese 
nach Diels-Alder) auch beim katalysierten Prozess auftritt. Der Katalysator be- 
schleunigt alle Teilreaktionen. (5) £s wird der Yersuch gemacht, aus der Zunahme der 
Viskositat und der Jo^ahlsenkung die Bedeutung der Umesterung fiir die Viskositats 
(Molekulargewichts) zunahme abzuleiten. 

R6sum6 

(i) Les produits de cuisson de standolie d’huile de lin, des vernis d’huile de lin et les 
vemis de standolie d'huile de lin obtenus au laboratoire avee et sans catalyseur dans une 
atmosphere d*acide carbonique, ont 6t6 examin6s. (2) Outre les indices habituels les 
spectres d’absorption ultra-violets des 6chantillons ont 6t6 d6terinin6s, de le, on a cal- 
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cul6 les quantit^s des syst^mes interm^diaires caract^ris^ par 2 ou 3 doubles soudures 
conjugates. {3) Ces courbes de concentration en produit intermtdiaire confirment 
qualitativement les autres indices pour les deux produits de standolie de m4me qu'un 
proctdt technique dtcrit dans la litttrature. Evidement le phtnomtne est beaucoup 
plus rapide en presence de catalyseur. (4) Des rtsultats on conclut, que la suite de 
rtactions habituellement renseignte dans la litterature comme probable, se passe tgale* 
ment dans le proctdt catalytique (conjugaison des doubles soudures isoltes-polymtrisa- 
tion intra -et intermoltculaire par synthtse dienique de Diels*Alder). Le catalyseur 
acctltre toutos les rtactions partielles. (5) De Taugmentation de la viscositt et de la 
diminution d*indice d’iode les auteurs essaient de dtduire la signification de Testtrifica* 
tion pour la '\’^iscositt. 

Received May 19, 1949 
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Aging of Solutions of Cellulose Nitrate 

H. CAMPBELL* and P. JOHNSON, The Royal Institution, London, 

England 


During the course of work on cellulose nitrates^“^ some properties of 
their dilute solutions were observed to change with time and, conse¬ 
quently, were difficult to interpret in terms of the molecular structures 
present in the solutions. An attempt has been made to determine the 
mechanisms responsible for this “aging,” and although incomplete, the 
information obtained is sufficient to support certain mechanisms and to 
exclude others. 

The decrease in viscosity of a solution of cellulose nitrate with time has 
been observed on many occasions and the literature on the aging of such 
solutions has been recently reviewed.^ In the majority of these cases, 
the coiK^entrations of the solutions were greater than 1 grn. of cellulose 
nitrate in 100 cc. of solution, but in a few experiments more dilute solutions 
were used, similar in strength to those considered in the present paper. 
The g(»noral conclusions were: (/) Cellulose nitrate solutions, on standing 
in the dark, show a decrease in viscosity. (2) The decrease in viscosity is 
accelerat(‘d by standing in strong light. (.?) The decrease in relative viscos¬ 
ity is more marked the more concentrated tlie solution. (4) The decrease 
in viscosity is more marked in the early than in the late stages of the aging 
process. (5) The decrease in viscosity has been observed with solutions 
in acetone and in many other solvents. 

The causes suggested by the various workers have been either the break¬ 
down of structure in the solutions or a cliange in the solvation of the solute 
molecules. Morozov and I^unfilov'^*'^ have attempted to show that the 
aging was entirely due to a decrease in structural viscosity. Their experi¬ 
ments arc, however, not convincing, as incomplete experimental data are 
given and no attempt is made to determine whether the shear dependence 
of the viscosity coefficient is reversible or not. Pascal and Grev>® have 
suggested that the change in viscosity is influenced by alkali from the glass 
of the storage flasks. 

Lawton and Nason’ have shown that ultraviolet light increases the rate 
of decrease of viscosity of solutions of cellulose nitrate, especially in the 
presence of oxygen. In the normal storage of solutions, ultraviolet light 
is completely absent, so that this cannot be considered as a mechanism for 
the aging of solutions to be discussed below. 

* Present address: Messrs. May & Baker Ltd., Dagenham, Essex. 
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Wehr* has examined the degradation of solutions of cellulose nitrate in 
acetone at 20 ®C. and at 60 ®C. and has interpreted the results in terms of a 
shortening of the average chain length. In the reaction at 20 ®C. the deg¬ 
radation appeared, after a time, to stop, but it continued indefinitely at 
60 ®C. The decrease in viscosity was irreversible. Degradation was ac¬ 
celerated by acids, bases, and organic peroxides and was inhibited by anti¬ 
oxidants. Spurlin® has obtained similar results. 

The effect of electrolytes on the viscosity of solutions of cellulose deriva¬ 
tives may be very marked and has been discussed recently by Campbell and 
Johnson.2 

EXPERIMENTAL METHODS AND MATERIALS 

In order to determine whether aging is a property of the cellulose nitrate 
molecule or represents the slow establishment of equilibrium in a concen¬ 
trated solution in which there is considerable interaction between the cellu¬ 
lose nitrate chains, it is necessary to eliminate these interactions as far as 
possible by working in dilute solution. In the present experiments, solu¬ 
tions in acetone of about 0.1 g. in 100 cc. of solution have been used. This 
concentration is similar to those used in the molecular characterization of 
cellulose nitrate. 

The industrial cellulose nitrates used were derived from various wood 
and cotton celluloses by nitration with a mixture of nitric acid, sulfuric 
acid, and water and were stabilized by a series of acid and alkaline boils. 
Cellulose nitrates were also prepared in the laboratory from celluloses of 
different natural sources and chemical treatment. The preparation of the 
celluloses together with the nature of their departure from the ideal cellu¬ 
lose structure is described with the experimental results obtained with them. 
These celluloses were air dried at 50 ®C. for 24 hours before nitration with 
one of two general types of nitrating mixture: 

(i) Nitric acid-sulfuric acid-water mixture of composition chosen to 
give the desired nitrogen content (Miles and Milbourn^®). This method 
causes considerable degradation of the cellulose. 

(ii) Nitric acid-phosphoric acid-phosphorus pentoxide mixture which 
gives a cellulose nitrate of high nitrogen content (> 13.5%) with minimum 
degradation of the cellulose.^^ 

In both methods, nitration was carried out at 0®C. using 30 cc. of ni¬ 
trating mixture to 1 g. of cellulose. After 2,5 hours nitration for method 
(i) and 30 minutes for (ii), as much as possible of the excess acid was pressed 
out of the cellulose nitrate which was then drowned in distilled water at 
0®C. The cellulose nitrate was repeatedly washed with distilled water 
until, on standing in contact with the cellulose nitrate for 15 minutes, the 
wash water was neutral to universal indicator. In the majority of cases, 
stabilization was carried out by dehydrating the cellulose nitrate with ethyl 
alcohol for 12 hours and then refluxing for three periods of 3 hours, each 
with fresh alcohol. In a few cases, stabilization was carried out by a series 
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of water boils similar to those used for the industrial cellulose nitrate. 
Adhering liquids were removed from the cellulose nitrate by pumping off 
in a vacuum and collecting in a trap cooled in liquid air. The nitrogen 
content of the cellulose nitrates was estimated by a semi-micro Devarda 
method.^* 

The aging of the solutions was generally followed by viscosity measure¬ 
ments in an Ostwald viscometer. In this paper, a plot of the decrease in 
viscosity with time will be referred to as the aging curve of the given cellu¬ 
lose nitrate. In addition, where desirable, viscosities have been measured 
in a Couette viscometer and in a few cases the change in sedimentation 
constant has been determined to assist in the interpretation of viscosity 
measurements. 

Two of the more obvious experimental errors are due to evaporation of 
acetone from the solution and to the absorption of water. Both would 
tend to increase the viscosity of the solutions, whereas the present experi¬ 
ments are (concerned only with decreasing viscosity. 

In the next main section various physical and chemical factors which 
might influen(;e the aging process are considered. 



Fig* 1* Typical aging curves of different samples of cellulose nitrate. 
Solutions of 0.2 ^ 0.001 g./lOO cc. in acetone at 20*'C. 
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EXPERIMENTAL RESULTS 

Typical aging curves of different cellulose nitrates in acetone are given 
in Figure 1. The majority have characteristics similar to those summarized 
at the beginning of this paper, but an occasional sample shows a very much 
more marked aging, as sample 1 in Figure 1. At present there is no ex¬ 
planation for this and it has been found only in two very high molecular 
weight samples. Inspection of the more usual curves of Figure 1 suggests 
(more evidence is presented later) that there may be two processes which 
will be referred to as the “initial rapid” and the “later slow” process. 

The decrease in viscosity is irreversible. If the cellulose nitrate is re¬ 
covered from a solution by pumping off the acetone at 20 °C. in a vacuum 
and then all the cellulose nitrate recovered is dissolved to give a solution 
of the same strength as before, the viscosity after recovery is never greater 
than the least and latest measured viscosity of the original solution. By 
dissolving all the cellulose nitrate recovered, the possibility of a change of 
viscosity due to fractionation is eliminated. Some results are given in 
Table I. All cellulose nitrates recovered from solutions (both with and 
without nonsolvent) dissolved in acetone very much more rapidly (a few 
minutes rather than several hours) than the original cellulose nitrate. 
Solution occurred without the formation of a thick gel which was invariably 
the first stage in the solution of cellulose nitrate that had not been recovered 
from solution. This ease of dispersion in acetone of recovered cellulose 
nitrate may be of importance in deciding upon the mechanism of aging 
and is discussed later (under Discussion), 

TABLE I 

Cellulose nitrate 11 Cellulose nitrate 17 


Measurement 

Cone, 
g /100 cc. 

^sp 

Cone. 
g./lOO cc. 

^•p 

After initial dissolution. 

0 2.'S1 

0.820 

0.253 

1 517 

Before recovery. 

— 

0 771 


0.980 

After dissolving recovered cellu¬ 
lose nitrate. 

0 251 

0 776 

0 253 

0 812 


No confirmation has been obtained of the theory, referred to above, of 
Morozov and Pamfilov,^*^ in which the decrease in viscosity during aging 
is ascribed to a reducticm in the structural viscosity of the solution. The 
dependence of viscosity upon rate of shear due to structural viscosity will 
occur at low rates of shear and must be distinguished from a dependence 
at high rates of shear due to orientation of the molecules. In both cases 
the viscosity decreases with increasing rate of shear. The viscosities of 
solutions of cellulose nitrate H were measured in a Couette viscometer 
within 30 minutes of the completion of dissolution. At this time the solu¬ 
tions are in the initial more rapid part of the aging curve. The results 
are given in Figure 2. The results for the different solutions are represented 
by straight lines which, within the experimental error, pass through the 
origin, so that there is no structural viscosity at low rates of shear. Similar 
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results were obtained for solutions which had been aged for a long time. 
To test whether there was any effect on viscosity at high rates of shear other 
than a reversible one which would not explain the irreversible aging, solu¬ 
tions were squirted under pressure through a very fine capillary. The 
viscosities before and after were identical. With these samples of cellulose 
nitrate, it is clear that the decrease in viscosity of their solutions on standing 


ANGULAR 



Fig. 2. The dependence upi»n rate of shear of the viscosity of solu¬ 
tions of cellulose nitrate which are showing the initial rapid aging. 
Solutions in acetone at 20°C. of cellulose nitrate 11 (12.2% nitrogen). 

cannot be explained by a reduction of the structural viscosity. It is dif¬ 
ficult to explain this disagreement with the results of Morozov and Pamfi- 
lov^ but it is of interest to note that Glikman’® found that solutions of cellu¬ 
lose esters sometimes showed anomalous viscosities which could be re¬ 
moved by repeated filtration through sintered discs. They ascribed these 
results to microscopic and macroscopic aggregation due to incomplete 
dissolution of the cellulose nitrate. 

The effect of concentration on the aging of a cellulose nitrate solution was 
determined. A stock solution of about 0.2 g. of cellulose nitrate H (12.2% 
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nitrogen) was prepared and, as soon as solution was complete, less concen¬ 
trated solutions were prepared by dilution so that, at this time, all the 
solutions contained similar molecules. The viscosities of these solutions 
were measured at intervals and the results are given in Figure 3. Within the 
limits of experimental error, the plot of vs. c for each time interval is 
linear. It has been found, with samples of different cellulose nitrates, 
that vs. c is always linear during the initial rapid aging process but 
that, at longer times, diu*ing the slow aging process, the plot shows a 
greater scatter than that shown in Figure 3 for 285 hours. This scatter 



Fig. 3. Effect of solution <M)ncentration on the aging of solutions of cellulose 
nitrate 11 (12.2% nitrogen). 

appears to be random and increases with time. It cannot be explained by 
any »mple dependence of the rate of aging upon concentration but is more 
likely to be due to trace impurities (possibly from the glass of the storage 
flasks) which act as catalysts in the slow aging process. From these data, 
it seems that the rate of aging in both the rapid and the slow processes is 
independent of the cellulose nitrate concentration and that the initial 
rapid process is not nearly so readily catalyzed, if it is catalyzed at all, 
as the later slow process. 

Effect of Variations in the Original Cellulose 

Variations in the nature of the cellulose which might conceivably effect 
the aging of solutions of the derived cellulose nitrates are: (a) average 
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molecular weight; (6) distribution of molecular weights; (c) crystalline- 
amorphous ratio in the fiber; and (d) presence of defective and modified 
glucose units in the cellulose due to oxidation. 

The effect of the molecular weight of the cellulose nitrate is discussed 
later. Cellulose nitrates have been prepared from wood cellulose, cotton 
linters, and ramie fiber, all of which differ in the crystalline-amorphous 
ratio of their fibers, and no marked differences were observed between 
their aging curves. Therefore, it appears that the crystalline-amorphous 
ratio has certainly not got a dominant effect on the aging. 

The accidental oxidation occurring during technical purification of a 
cellulose should be small and (xmsisis of reactions in which aldehydic or 
carboxylic groups are formed from the hydroxyl groups with or without 
fisvsion of the glucose ring. Davidsonhas shown that at low degrees of 
oxidation, aqueous sodium periodate oxidizes the two secondary hydroxyl 
groups with breakage of the glucose ring between them. This oxidized 
glucose unit was shown to be sensitive to dilute alkali but was not de¬ 
stroyed by nitration. Yackel and Kenyon'® prepared a cellulose in which 
the primary hydroxyl groups were oxidized to carboxyl groups by gaseous 
nitrogen letroxide. Of the many methods of preparing oxidized cellu¬ 
loses, these two reactions have probably the fewest complications, and 
yield materials whose structures are most exactly known. Therefore, 
celluloses prepan^d by these methods have been used. Provided only small 
degrees of oxidation are used, cellulose nitrates can be prepared from them 
which are soluble in acetone. It was found that oxidation with nitrogen 
tetroxide to give more than about 2% by weight of carboxyl groups, 
yielded a cellulose nitrate (12.3% nitrogen content) which, although appar¬ 
ently possessing normal acetone adsorption,® was insoluble in this solvent 
It is suggested that this may be due to the formation of cross-linkages be¬ 
tween different cellulose nitrate molecules, either of an ester or anhydride 
type. 

A series of cellulose nitrates was prepared from the same nitrating mixture 
of sulfuric acid, nitric acid, and water and was stabilized with alcohol. 
The celluloses used, derived from cotton waste, were as follows: (ff) un¬ 
treated*; (7) treated w ith 0.1 j\ sodium hydroxide for 24 hours and then 
washed with distilled water; (S) oxidized with 0.01 M sodium pericxiate 
for 3 hours and then w'^ashed with distilled water; (.9) cellulose S treated 
with 0.1 j\ sodium hy droxide for 24 hours and then washed with distilled 
water; (tO) oxidized for 1 hour with excess gaseous nitrogen tetroxide 
and then w ashed w ith distilled w ater. 

With the exce'ption of the cellulose nitrate from 10, which contained 
12.3% nitrogen, all these cellulose nitrates had a nitrogen content of 12.8%. 
The aging curves of these cellulose nitrates in acetone solution (0.1 g./lOO 
cc.) are given in Figure 4. 

♦ The cellulose nitrates referred to in this paper, and the corresponding cellulases 
from which they are derived, are numbered serially. Samples f~5 are those of Figure 1. 
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The decrease in viscosity between cellulose nitrates 8 and 9 indicates that 
there are alkali sensitive linkages in the cellulose nitrates prepared from 
the cellulose oxidized with periodate. The small difference between curves 
(6) and (7) is probably due to small variations in the nitrating conditions, 
although the presence of a few alkali sensitive linkages in the original cotton 
waste cannot be ruled out. The curves (6), (7), (8), and (9) are approxi¬ 
mately parallel, indicating that alkali sensitive linkages of the type postu¬ 
lated by Davidson^^ have no effect on the aging curves of solutions of cellu¬ 
lose nitrate. 



Fig. 4. Effect of oxidation of cellulose on the aging of the derived cellulose 
nitrate: (6) cotton waste, G; (7) cotton waste +0.1 iV NaOH, A; ( 8 ) cotton 
waste + 0.1 M NaI 04 , □; (9) cellulose 1? + 0.01 iVNaOH, #; (iO) cotton waste 
+ gaseous N 204 « X* 

Cellulose nitrate 10, in which some of the primary alcoholic groups are 
oxidized to carboxylic groups, ages in a manner which is similar to the ex¬ 
ceptionally rapid aging (curve 1 of Fig. 1) referred to above. Wehr® and 
others have shown that acids greatly accelerate the aging of cellulose ni¬ 
trate solutions and it is always possible that such a marked aging may be 
due to inadequate removal of acid during stabilization. Further samples 
similar to cellulose nitrate 10 were prepared and gave similar aging even 
after extra stabilisation so that it seems unlikely that the aging is acid- 
catalyzed in this case. Although it cannot be completely ruled out, it is 
also unlikely that the carboxyl groups produce the catalysis. It was ob¬ 
served in solutions of cellulose nitrate 10, which contained about I car¬ 
boxyl group per 150 glucose residues, that insoluble particles developed on 
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standing. In a similar cellulose nitrate {ca. 12% nitrogen), which con¬ 
tained about 1 carboxyl group per 15 glucose residues, a considerable por¬ 
tion of the sample, although swollen by the acetone, was never in solution. 
It is therefore suggested that this insolubility is due to the formation of a 
network structure through ester or, possibly, anhydride linkages, and that 
the unusual aging in this case is due to cross-linking of molecules to form 
aggregates which have a smaller axial ratio (and hence smaller viscosity) 
than the original molecules, and which may ultimately be insoluble. It is 
also a possibility that the decrease does not depend upon a special struc¬ 
ture in the aggregates but is due entirely to a decrease in concentration 
following the removal of solute particles from solution. Although the 
aging observed in cellulose nitrate 10 may or may not be the same as the 
exceptionally rapid aging of sample i, it is very different from that nor¬ 
mally found in a cellulose nitrate. 

Effect of Degree and Method of Nitration 

If the nitrogen content is increased to about 13.5% or more, there are 
some ( ollulose nitrates whose solutions show either no change in vis(*osity 



Fig. 5. Aging curves of cellulose nitrates of high nitrogen content: {II) 12.2% 
nitrogen; factory nitration; (12) 13.5% nitrogen; from 11, in laboratory; 
{13) 13.4% nitrogen; from original cellulose, in laboratory. All solutions in 
acetone at 20°C., 0.1 =*= 0.001 g./lOO cc. 


on standing or a very much smaller change. Most of these cellulose ni¬ 
trates were prepared by the Berl“ method and were stabilized by ak^ohol. 
Figure 5 shows the change in viscosity with time of three samples from the 
same specimen of cellulose: (11) 12.2% nitrogen, prepared by factory 
nitration; (12) 13.5% nitrogen, prepared from cellulose nitrate 11 by the 
Berl method; (13) 13.4% nitrogen, prepared from the original paper cellu¬ 
lose by the Berl method. 

These results show that a cellulose nitrate that shows only slight aging 
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can be prepared frcmi either cellulose or another cellulose nitrate that does 
show aging. In Figure 6, aging curves for the following cellulose nitrates 
(rf high nitrogen content are given: (iU) 13.74% nitrogen, prepared from 
low viscosity cotton linters by the sulfuric acid method, alcohol stabiliza¬ 
tion; {15) 13.81% nitrogen, prepared from high viscosity cotton linters 
by the sulfuric acid method, alcohol stabilization; {16) 13.4% nitrogen, 
commercial sample of unknown preparation. 

In these six different cellulose nitrates there are at least four main sets 
of variables that might conceivably affect aging: (a) type of nitration 
mixture (phosphoric or sulfuric acid); (6) extent of nitration and hence the 



Fig. 6. Aging curves of cellulose nitrates of high nitrogen content: { 14 ) 
13.74% nitrogen; from low viscosity linters; (15) 13.81% nitrogen; from high 
viscosity linters; { 16 ) 13.4% nitrogen; unknown preparation. All solutions in 
acetone at 20°C.: { 14 ) and { 15 ) 0.1 0.001 g./lOO cc.; { 16 ) 0.2 ^ 0.001 g./lOO cc. 

number of free hydroxyl groups; (c) calcium content of the cellulose ni¬ 
trate; and (Id) mean chain length. 

Cellulose nitrates 13 and f4, similar in nitrogen content and mean chain 
length (as indicated by viscosity), both show little aging. It appears, 
therefore, that the presence of phosphoric or sulfuric acids in the nitrating 
mixtures does not, of itself, introduce aging. Although the type of stabili¬ 
zation may be of importance, other factors must be involved, since the 
alcoholic stabilization of a 12.2% nitrogen, calcium-free cellulose nitrate 
did not remove aging, whereas cellulose nitrate 13, of higher nitrogen con¬ 
tent similarly treated did not age. The smaller aging effect for higher ni¬ 
trogen contents is also evident between 11 and 12, and it does seem that 
in some cases at least when the content of free hydroxyl groups is reduced 
the tendency to age is greatly reduced. 
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With regard to the calcium content of the cellulose nitrate, most of the 
materials in which aging has been observed were commercial samples that 
usually contain some calcium, derived from the stabilization process. 
However, a factory cellulose nitrate (12.2% nitrogen) was obtained im¬ 
mediately after the nitrating acid had been removed and this was stabilized 
in the complete absence of calcium by repeated boiling with distilled water 
and then with alcohol. Solutions of this sample aged in a way similar to 
those which were stabilized in the presence of calcium carbonate. Thus 
the introduction of the latter into cellulose nitrate during stabilization is 
not the cause of aging in acetone solutions. Some of the effects of calcium 
salts on the viscosity of solutions of cellulose nitrate have been described in 
another paper. ^ 

No completely general rule for the effect of molecular weight on aging 
has been found, but there seems to be a greater tendency for aging to occur 
in cellulose nitrates of high rather than low molecular weight as is shown by 
the pronounced aging of cellulose nitrate f5, whic h is of high nitrogen con¬ 
tent and, except for chain lengtli, of characteristics similar to 

Effect of Nonsolvents and Precipitants 

The effect of nonsolvents on the aging of solutions of cellulose nitrate 
has been examined. Figure 7 gives the decrease with time of specific 
viscosity for solutions of cellulose nitrate H that contain various concen- 


% 



Fig. 7. The effect of water and petroleum ether on the aging of cellulose nitrate 
solutions (12.2% nitrogen) at 20°C. All solutions 0.1 ^ 0.001 g./lOO cc. 


trations of water. These solutions were stored at 20 ®C. The solution 
containing 15 cc. of water in 100 cc. was in a state of incipient precipitation 
and after about 450 hours a long tlijread of cellulose nitrate had precipitated 
out. Water cannot be regarded as a completely inert solvent, as there is 
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some evidence that it is slightly solvated on the cellulose nitrate. There¬ 
fore, for comparison, Figure 7 gives the effect of another nonsolvent, pe¬ 
troleum ether, which has an extremely small interaction with cellulose 
nitrate as indicated by adsorption and thermochemical experiments.^^ 
Whereas petroleum ether has no effect on the specific viscosities or aging 
curves outside the experimental error, increase in the water concentration 
produces an immediate large decrease in viscosity but does not eliminate the 
aging of the solution. The differences in the rates of the slow aging process 
show no trend with increasing water concentration and may possibly be due 



Fig. 8. The aging of cellulose nitrate 11 recovered from 
acetone and aqueous acetone solutions. All solutions 
0.13 ^ 0.001 g./lOO cc. Upper curve: original solution in 
acetone; Lower curve: original solution in aqueous ace¬ 
tone (10 cc. water/100 cc. solution. Cellulose nitrate re¬ 
covered from acetone solution in acetone, O; in aqueous 
acetone, #. Cellulose nitrate recovered from aqueous 
acetone in acetone, 0; in aqueous acetone, ■. 

to catalysis by trace impurities as suggested above. After correcting for 
the altered viscosity and buoyancy of the solvent, there was no large change 
in the sedimentation constant of the cellulose nitrate solute particle as 
water up to 12.5 cc. per 100 cc. of solution was added. Only a small de¬ 
crease in the constant was observed with this increasing water content, but 
it should be noted that sedimentation constants are not a sensitive method 
of detecting small changes in the molecular weight of linear molecules, and 
the decrease observed cannot be said to be in conflict with the observed 
viscosity changes. 

To determine whether the viscosity decrease produced by water was re¬ 
versible or not, solutions containing 0.1 g. in 100 cc. of solution dissolved 
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in acetone, and in acetone containing 10 cc. of water per 100 cc. of solution, 
were made and their aging curves determined. Samples of cellulose nitrate 
from these solutions were recovered by pumping off the solvents at 20 ®C. 
in a vacuum. Each of these samples was dissolved to give two solutions 
(a) in acetone and (b) in acetone containing 10 cc. of water in 100 cc. of 
solution. The viscosities of these four solutions were measured and the 
results are given in Figure 8. Acetone solutions of cellulose nitrate re¬ 
covered from aqueous acetone have a lower viscosity than those recovered 
from pure acetone, while both of these viscosities are lower than that of 
the original cellulose nitrate. In aqueous acetone the viscosity is not ap¬ 
preciably altered by any of these recovery processes. Solutions of re¬ 
covered cellulose nitrate still show aging. It appears, therefore, that treat¬ 
ment of the cellulose nitrate with a given concentration of water in acetone 
irreversibly lowers the viscosity from the value in pure acetone by some 
means which is not repeated on further treatment with the same concentra¬ 
tion of water in acetone. 

The effect of water on cellulose nitrate of higher nitrogen content, which 
in acetone solution showed only slight aging, was also examined. Results 
for samples 12 and 14 are given in Tables II and III. For cellulose nitrate 


TABLE II 

Aging of Sample 12 Cellulose Nitrate 

in aqueous 


Age of solo.. 

in acetone. 

acetone (10 cc. 
water/100 cc. 
total soln.). 

hours 

0.0988 g./lOO cc. 

0.0972 g /lOO cc. 

0 

0 441 

0 379 

142 

__ 

0 363 

147 

0 441 

— 

312 

0 437 

— 


TABLE III 

Aging of Sample 14 Cellulose Nitrate 


Age of soln., 
hours 


in acetone, 
0.0997 g /TOO cc. 


in aqueous 
acetone (7.2 cc. 
wator/lOO cc. 
total soln.). 
0.0980 g./lOO cc. 


0 0 443 0 406 

57 — 0 405 

1100 0.443 


14, in which aging is completely absent in pure and in aqueous acetone, it is 
also to be noted that the percentage decrease in specific viscosity on adding 
water is at least three times as small as for cellulose nitrate 11 (Figs. 7 and 
8). For cellulose nitrate 12, although aging has merely been diminished, 
the effect of adding water on the viscosity in acetone is considerably less 
than for cellulose nitrate 11. It appears, therefore, that the mechanism of 
^the aging process may also be involved in the viscosity decrease on adding 
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water. A sample of cellulose nitrate f4 recovered from .iqueous acetone 
has the viscosities given in Table IV. As both recovery processes might 
be expected to affect the viscosity in the same way, it is posdble that the 
low value after the first recovery is due to an inccurrect concentration. It is 

Table IV 

Effect of Recovery from Aqueous Acetone on Viscosity of Cellu¬ 
lose Nitrate f4 in Acetone Solution 


Gone, of 

Age of solo., oelluloee nitrate, 

hours g./lOO oc. 

0 0.0997 0.443 

1106 — 0.443 

RECOVER FROM AQUEOUS ACETONE SOLUTION 

1180 0.0997 0.419 

1246 — 0.419 

RECOVER FROM AQUEOUS ACETONE SOLUTION 

1387 0.1000 0.445 


clear that the permanent decrease in viscosity produced by water is con¬ 
siderably less than that in cellulose nitrate H and it would appear that, 
simultaneously with the disappearance of aging in cellulose nitrate 
sensitivity to water in acetone solution is also removed. 

Effect of Temperature 

The effect on the aging of increasing the temperature has been examined 
Solutions were sealed into glass tubes and stored in the absence of light ii^ 
suitable thermostats. At intervals, samples were removed and their 
viscosities at 20 ®C. were measured. A typical series of curves for acetone 
solutions of cellulose nitrate 11 (12.2% nitrogen) are given in Figure 9. 
In the experiments at 1,18, and 55 ®C. there was no discoloration of the solu¬ 
tions over the period of the observations, but at 98®C. the solution was 
colored brown within two hours of the start and this color rapidly deepened. 
It appears that in the 98 ®C. reaction some new mechanism becomes im¬ 
portant and this may be the internal oxidation of the cellulose nitrate 
molecule which is generally suggested as the process for the discoloration of 
cellulose nitrate solutions. Both the initial more rapid and the later slow 
aging processes are markedly temperature dependent. At present no at¬ 
tempt has been made to determine energies of activation for the two proc¬ 
esses from these curves since their interpretation is obscure. It appears 
that both the rate and the apparent extent of the initial rapid process 
change with temperature. Thus at 18 ®C. the slow linear pm^tion of the 
curve extrapolated to zero time gives a value of rigp « 0.77, whereas at 
55 ^C. the similar value is tiip — 0.68. It has been shown above that at 
18 ®C. the initial rapid process is irreversible but there is evidence that part, 
at least, of the extra initial rapid decrease at 55^C. is reversible. Thus a 
solution of cellulose nitrate 11 in acetone was heated at 60 ^C. for 22 hours, 
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Fig. 10. The change in viscosity on storing at 20®C. cellulose nitrate 11 solu- 
tion which has been heated to 60®C. O, stored at 20®C.; □, heated at 60°C. 
before storing at 20®C. 


and then stored at 20 ®C. The change in viscosity with time of this and of 
the original unheated solution are given in Figure 10. There is an initial 
increase in viscosity of the heated solution before the slow aging becomes 
dominant and similar in rate to the aging of the unheated solution. No 
similar increase in viscosity has been observed with solutions prepared at 
20 ®C. and then stored at 1 ®C., but this may be due to the fact that all solu- 
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tions were heated again to 20 ®C. when their viscosities were measured. An 
attempt was made to determine the energy of activation of the slow process 
by using cellulose nitrate of high nitrogen content which showed no initial 
rapid aging and aged only extremely slowly. With these it was found 
that an initial rapid decrease still did not occur at 60 ®C. The changes in 
the rate of the slow process due to temperature changes were smaller than 
those due to unknown causes which are believed to include catalysis by 
trace impurities. The energy of activation of the uncatalyzed slow process 
cannot, therefore, be determined with any degree of accuracy. 

Effect of Impurities and Antioxidants 

The most likely impurities which might be expected to catalyze the aging 
of cellulose nitrate solutions are (a) residual acid absorbed on the cellulose 
nitrate fibers and not completely removed during stabilization, and (6) 
substances, possibly alkaline, dissolved from the glass of the storage flasks. 
In agreement with Wehr® and Spurlin,® it was found that both acids {e,g., 
acetic acid) and bases triethylamine) increased the rate of the slow 
aging process. There was some indication that the rate of the initial rapid 
process was not altered by a change in the pH of the solution, but this could 
by no means be regarded as definitely proved. 

In order to determine whether any of the aging was due to the chemical 
degradation postulated by Wehr,* the effect of various antioxidants on 
solutions of cellulose nitrate 11 (12.2% nitrogen) was examined. At 
20®C., the addition of ethyl gallate and jS-naphthol to the solution had no 
effect on the aging. At 60®C., the experimental results for ethyl gallate 
show a much bigger scatter than usual but they are sufficiently good to sug¬ 
gest that ethyl gallate has no effect on the aging. Hydroquinone, however, 
accelerates the aging, a result which is quite different from that found by 
Wehr.® 

DISCUSSION 

While it must be admitted that the observations presented above are 
insufficient basis for a theory to explain completely the apparently very 
complex mechanism of the aging of cellulose nitrate solutions, some con¬ 
clusions can be drawn about possible mechanisms. In this discussion the 
only type of aging to be considered is that referred to above as normal 
{i.e., curves of type 1 of Figure 1 are not considered). As was suggested 
above from a consideration of the shape of such aging curves in acetone, 
there are probably at least two mechanisms responsible for this lowering 
in viscosity. This view is supported by: (a) the variation in rate of the 
slow process caused by catalysts which have no effect on the rapid process; 
and (6) the possibility of eliminating the rapid reaction by increasing the 
nitrogen content or by treatment with water, without affecting the slow 
process. 

It is possible that even more than two mechanisms may be involved and 
alteration of the experimental conditions (e*g., the addition of acids and 
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bases, the addition of water, or the increase of temperature) may involve 
new possibilities or change the relative importance of mechanisms already 
present to a minor degree in the normal aging at 20 °C. in acetone solution. 
A detailed kinetic treatment of aging would involve the interpretation of 
specjific viscosities in terms of average molecular weights. This problem 
is in itself very difficult, since the specific viscosity depends not only on 
molecular weight but also on molecular shape, a factor which may be 
changing during aging. Therefore, it seems that until mechanisms have 
been ascribed to the aging processes little is to be gained from a kinetic 
treatment. 

In explaining aging, the following would appear to be possible mecha¬ 
nisms: (a) the dispersion of individual molecules may be a slow process, 
retardation being due, possibly, to residual macroscopic fiber structure; 
(6) a change in the solvation of the molecule; (c) aggregation of the mole¬ 
cules; (d) rupture of main valency linkages in the cellulose nitrate chains; 
(e) chemical change without rupture of main chain linkages; and (/) the 
formation or destruction of complexes between calcium and cellulose ni¬ 
trate. 

Of these mechanisms the first three are essentially physical changes, 
whereas the last three are largely chemical. From evidence given above, 
it appears that, although calcium compounds may under certain circum¬ 
stances have an effect on the aging of acetone solutions of cellulose ni¬ 
trate,^’a mechanism such as (/) cannot bo regarded as the cause of the 
aging studied here. 

Consideration of the time factor in aging is of use in attempting to decide 
between the different possible aging mechanisms. Figure 1 shows that the 
most rapid part of the aging at 20 °C. is nearly completed in about 300 
hours, while the slow aging seems to continue indefinitely. Therefore, 
mechanisms that are essentially physical changes of the cellulose nitrate 
might reasonably be considered to be involved in the initial rapid aging, 
but it is very unlikely that they play any part in the slow change, chemical 
changes being more probable. This does not exclude chemical change as 
an explanation of the rapid process. 

The interaction of cellulose nitrate and acetone has been discussed else¬ 
where^ and it is unlikely that once the solution is visually homogeneously 
dispersed solvation undergoes any marked change, except w hen conditions 
are altered, on the addition of a nonsolvent such as water or on a 
change of temperature. With increasing temperature, the degree of sol¬ 
vation decreases but the change from a less to a more solvated molecule 
is probably too fast a process to explain the slow increase in viscosity of a 
solution stored at 20®C. after having been heated to 60®C. (Fig. 10). 

When cellulose nitrate chains are fully solvated by acetone, they are 
almost completely inert toward one another. Thus the heats of dilution 
of cellulose nitrate solutions in acetone, under conditions where the solution 
process is complete, are very small. Tendency to aggregation must, 
therefore, be small and, although interactions between different chains 
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must occur simply because of the asymmetric nature of the molecules, they 
will not lead to any permanent association. Further, if aggregation due to 
attraction between cellulose nitrate chains tended to occur, it could not 
lead to a regular symmetrical type of association, but would result in a 
ramifying network occupying the whole bulk of the solution. Such a 
structure ought to be detectable either by its tendency to gel if the attrac¬ 
tive forces were strong, or by the presence of structural viscosity. For pure 
cellulose nitrate in acetone there are no such indications of structure, so 
that it appears that aggregation is not the cause of aging. 

From the data reported above, the slow continuous aging process ap¬ 
pears to be characteristic of all types and physical conditions of cellulose 
nitrate. Therefore it seems very probable that it is due to the hydrolysis 
of the glucosidic linkages. It is difficult to eliminate completely the possi¬ 
bility of degradation of the chain molecules by internal oxidation and reduc¬ 
tion of the nitrated glucose units, a reaction similar to that found in the 
alkaline hydrolysis of many organic nitrates, since the loss of nitrogen 
which might be expected to account for the observed decrease in viscosity 
is too small to be measured. It is probable that a reaction of this type sets 
in at higher temperatures and it is accompanied by a marked discoloration 
of the solution which is not observed with the aging at room temperatures. 
The strongest argument against this reaction is that it would be expected 
that increase in nitrogen content would result in an increase in the rate and 
that it has frequently been observed that increasing the nitrogen content, 
if anything, lowers the rate of the slow aging. Hydrolysis of a limited 
number of specially sensitive linkages similar to those postulated by 
Davidson^^ is not a likely mechanism owing to the apparently unlimited 
extent of the slow aging and also to the observation that the deliberate 
introduction of the Davidson type linkages has no effect on the rate of 
aging. At room temperatures and in pure acetone, therefore, it seems that 
rupture of the main chain glucosidic linkages must be the chief reaction in¬ 
volved in slow aging, but at high temperatures and under special conditions 
this hydrolysis may be accompanied by other chemical changes. 

In contrast to the slow reaction, the initial fast reaction appears to be 
limited in extent. This decrease in viscosity could be due to a reaction of 
a limited number of weak linkages in the cellulose nitrate molecule, but 
since the deliberate introduction of one type of weak linkage produced no 
effect, this mechanism seems unlikely. A more likely mechanism is that 
complete dispersion of the individual molecular chains is a slow process. 
The observation (see under Experimenlal Results) that cellulose nitrate 
recovered from acetone solution simply by removal of the solvent or by 
precipitation by water followed by drying dissolves much more rapidly 
than the original fiber cellulose nitrate may be of significance. It would 
appear that during solution in acetone and recovery, a factor causing slow 
dispersion of the cellulose nitrate-acetone gel is removed. This view is 
supported by the work of Demougin’^* and Kraus,*® who have shown that 
fiber cellulose nitrate appears to be less soluble than precipitated or amor- 
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phous material. If the forces retarding dispersion were the general physi¬ 
cal forces of cohesion between molecules in the solid state, it would be ex¬ 
pected that undispersed aggregates of ultramicroscopic dimensions should 
occur in the early stages of dissolving and especially just after the bulk of 
the gelled cellulose nitrate has disappeared. An examination of cellulose 
nitrate solutions in acetone immediately after becoming visually homogene¬ 
ous, when rapid aging is occurring, failed to show the presence of ultra- 
microscopic particles. The refractive index increment of cellulose nitrate 
in acetone is not small {dn/dc = 120 X 10“®), so that aggregates should 
have been seen if they really occurred. The absence of rapid aging in solu¬ 
tions of reprecipitated cellulose nitrate confirms that the existence of gen¬ 
eral physical forces of cohesion in the solid cannot be the explanation of 
rapid aging. Indeed, since cellulose nitrate is strongly solvated by acetone 
with a large evolution of heat (Kargin and Papkov*^; Calvet*®), it would 
appear that such solvation might offset any such resistance to dispersion. 
Therefore, in order to explain rapid aging there must exist in fiber cellu¬ 
lose nitrate, but not in reprecipitated, relatively strong cohesion between 
the molecules at a certain number of localized positions so that in the early 
stages of solution there may exist groups of a small number of cellulose 
nitrate chains which are not visible in the ultramicroscope and which are 
sufficiently strongly held together not to break down on shearing the solu¬ 
tion. The slow dispersion of these aggregates would result in the rapid 
aging process. It is impossible on the present evidence to do more than 
speculate on the nature of the localized cohesion. It may be due to a few 
cross linkages of a primary valency nature between different cellulose ni¬ 
trate chains, possibly the ester bridges suggested by Staudinger.*® Some 
form of intensified physical interaction due to the orderly arrangement of 
the cellulose nitrate chains in the crystalHne portions of the fiber may be 
the cause. The absence of rapid aging in cellulose nitrates containing few 
free hydroxyl groups suggests that rapid aging might involve the breaking 
of hydrogen bonds between the free hydroxyl groups in the crystalline 
portion of the fiber. Such hydrogen bonding in cellulose has been postu¬ 
lated by Mark®^ and by Pierce®® in order to explain its crystal structure and 
by Ellis and Bath®® in order to explain its infrared spectrum. The absence 
of this t>Tpe of aging in reprecipitated cellulose nitrate is explained on this 
last hypothesis by the greater randomness of the chains and hence the 
smaller probability of the formation of interchain hydrogen bonding in 
recovered solid material. 

There remains to be explained the effect of water and of increased tem¬ 
peratures. Both would be expected to destroy side chain hydrogen bond¬ 
ing but both appear to produce a change which is larger than that due to 
rapid aging at room temperatures in acetone. This may or may not repre¬ 
sent a new mechanism. A small part, at least, of the change in viscosity on 
heating is reversible and this may represent a shift in some equilibrium, 
possibly of the ester linkages postulated by Staudinger.®* 

Whatever the explanation of the changes described above, certain sug- 
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gestions for the examination of a cellulose nitrate in solution can be made: 

(1) All cellulose nitrates should be carefully stabilized by boiling with 
alcohol immediately before use in order to reduce the slow aging process as 
much as possible. 

(2) Wherever possible, an anhydrous solvent should be used. 

(J) Any property viscosity, osmotic pressure) should be measured 
at various times after dissolving the solution and not just at one time. 
Values of the property during the slow aging are probably much more 
characteristic of the sample of cellulose nitrate than values obtained during 
the rapid aging, since these latter values depend very much more on the 
exact time from the beginning of the solution and on variable factors such 
as the physical state and history of the sample. 

(4) In fractionating cellulose nitrate, the effect of the nonsolvent should 
be determined. If water is used, some irreversible change in the molecules 
is produced, but the absence of any further change on additional treatment 
with water has been proved. 

We wish to thank Professor E. K. Rideal for his encouragement during the course of 
this work, which was carried out in the Department of Colloid Science, Cambridge Uni¬ 
versity. This paper is published by permission of the Chief Scientist, Ministry of Sup- 
ply. 
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English Synopsis, see Summaries, page SIO, VoL V, 1950. 

Resum6 

Les courbes viscosite-temps (vieillisement) pour les solutions de nitrate de cellulose 
dans Tac^tone et d’autres solvants sont, g6n6ralement, caract^risfe par une diminution 
initials rapide de viscosity, suivie d’une d6croissance lente et contenue. Des agr^gats 
ultrurnicroscopiques n’ont pas et6 observes, et une viscosity de structure 6tait 6galement 
absents durant des deux precedes de vieillissement. Le vieillissement initial rapide ne 
se manifeste pas ou est tr^s faible pour les nitrates de cellulose k forte teneur en a;sote 
(c. d. peu d’hydroxyles libres), ainsi que dans ceux qui ont et6 r6cup6r^s au depart 
des solutions ou traites avec des faibles quantit^s d’eau en solution. Un vieillissement 
lent se manifeste ^ un degre plus ou rnoins fort pour tous les nitrates de cellulose, indA- 
pendamment de Torigine ou du traitement chimique de la cellulose, du degr4 ou de la 
rn^thode de nitration, de la m^thode de stabilisation, de la concentration de la solution 
ou de la presence de pr6cipitants. La vitesse du vieillissement lent s’accroit par une 
augmentation de temperature, rriais est due, peut-3tre, a la presence d’impuret6s cataly- 
tiques 6ventuelles; des variations considerables de vitesse pour une m6me temperature 
d^terminee ont et6 observees en effet. On suppose que le vieillisement rapide est dd k 
une rupture lente d’un nombre peu 6leve de liaisons relativement faibles, existant entre 
les chines, probablernent dues d des liaisons hydrog^nes. Le vieillissement lent semble 
d(l 4 la rupture des liaisons pr4sentes dans les chain6s glucosidiques principales. 

Zusammenfassu ng 

Viskositats-Zeit (Alterungs-) Kurven fur Cellulosenitratlosungen in Azeton und 
anderen lAsungsinitteln sind irn allgemeinen charakterisiert durch eine anfdnglich 
schnelle Abnahmc der Viskositat, die von eiuer langsamen kontinuierlicben Abnabme 
ge folgt wird. IJltramikroskopisclie Aggregate wurden nicht beobachtet und Struktur- 
viskositat war wahrend beider Alterungsprozesse nicht vorhanden. Das anfanglich 
schnelle Altera war nicht vorhanden oder es war klein in Cellulosenitraten mit hohem 
StickstolTgehalt (mit wenig freien Hydroxylgruppen) und in solchen Cellulosenitraten, 
die aus Ld^miig zuriickgewonnen warden waren oder in Ldsung mit einer kleinen Menge 
Wasser behandelt worden waren. Das langsame Altern trat mehr oder weniger stark 
in alien Cellulosenitraten auf, unabhangig von der Herkunft oder der cheinischen Be- 
handlung der Cellulose, vom Grad oder der Methode der Nitration, von der Stabilisier- 
ungsmethode, von der Konzentration der Ldsung oder von der Gegenwart des Fallungs- 
mittels. Die Geschwindigkeit des langsamen Alterungsprozesses wird durch 1 ernpera- 
turzunahme erhdht, es wurden aher, inoglicherweise durch die Gegenwart zulallig vor- 
handener katalytischer Verunreinigungen, crhebliche Variationen der Geschwindigkeit 
bei einer gegebenen Temperatur beobachtet. Der schnelle Alterungsprozess ist wahr- 
schcinlich auf cine langsame Spaltung einer kleinen Anzahl relativ schwacher Bindungen 
zwischen den Ketten zuriickzufuhren, inoglicherweise vom Typus der Wasserstoffbiu- 
dung. Das langsame Altern stellt wahrscheinlich die Spaltung von glukosidischen 
Bindungen in der Hauptkette dar. 

Received June 14, 1949 
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Some Polymeric Derivatives of Phosphonitrile 

Chloride 

C. J. BROWN,* Research DeparlmenU Imperial Chemical Industries 
Limited (Nobel Division), Stevenston, Scotland 

The ability of phosphonitrile chloride to polymerize was demonstrated 
by Schenck and Romer^ who, on heating the crystalline material at 250- 
300° in a sealed tube, obtained a colorless, elastic substance whose analysis 
was roughly the same as that of the starting material, and whose properties 
resembled those of natural rubber. For this reason, the new polymer was 
termed “inorganic rubber.” In the stretched condition the polymer exists 
in chains of —P- N— groups as shown by the x-ray evidence of Renaud,^ 
and of Meyer, Lotmar, and Pankow.® Another type of “inorganic rubber” 
was obtained by Schmitz-Dumont and others,^ who, by treating phos¬ 
phonitrile chloride with lead, silver, or zinc fluoride, prepared liquids con¬ 
sisting of mixed chlorofluorides of the tetraphosphonitrile radical; these 
liquids polymerized on heating to form rubberlike materials. The kinetics 
of polymerization of these phosphonitrile compounds have been worked 
out by Schmitz-Dumont.® A further example of phosphonitrile polymers 
is provided by Lipkin,® who condensed phosphonitrile chloride with butyl- 
amine, thereby obtaining a resinous product. 

It was suggested by Rosset^ that the phosphonitrile radical (—P=N—) 
behaves in a similar manner to the cyanogen (—C=N—) radical. There 
is, however, very little evidence in support of this idea. Certainly, cyan- 
uric chloride (CNC1)3 is analogous to phosphonitrile chloride (PNCl 2 ) 3 , but 
the analogy appears to stop there, as no other similar monomers are known, 
and there is no polymeric C=^N chain series comparable with the P=N 
chains. Wetroff® considered phosphonitrile as a radical like CN, PO, and 
SiN, and in support of this theory prepared a magnesium phosphonitrile 
amide of empirical formula (Mg 2 PN 8 ) analogous to magnesium cyanamide 
(MgCN 2 ). It is thus evident that whatever similarity does exist between 
phosphonitrile and these other radicals, it is restricted to one or two com¬ 
pounds only, and no general series of comparable derivatives is known. 
In particular, phosphonitrile is the only one which gives rise to chain poly¬ 
mers. 

In the course of an investigation into the properties and reactions of 
phosphonitrile cliloride, the experiments described by Lipkin® were re¬ 
peated. An aqueous solution of sodium phenate was refluxed for some 
hours with dry phosphonitrile chloride, resulting in the formation of a color- 

* Present address: Imperial Chemical Industries Ltd. (Dyestuffs Division), Blackley, 
Manchester 9. 
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less, oily product. All the evidence indicates this substance to be phos- 
phonitrile phenate, probably contaminated with excess phosphonitrile 
chloride, the reaction taking place according to the equation: 
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Attempts at purification of the product were unsuccessful; it did not boil 
below 320° at a few millimeters pressure, and it is possible that the phos¬ 
phonitrile phenate remains inseparably associated with a small proportion 
of unchanged chloride. Extended heating at 320° resulted, however, in 
a change of the physical properties of the oily substance; its viscosity in¬ 
creased, its color gradually darkened, its solubility in aromatic solvents de¬ 
creased, and, on cooling, the material set solid. The analytical figures 
throughout the process remained substantially the same, so it was apparent 
that a form of self-polymerization was occurring. It is probable that this 
takes place through the medium of ring breakage with the formation of 
chains, e,g.: 


CcHrX) OCJhCelU) OC,\h 

C,IfiO^)C,Hs C,Hi,O^C,n4 


in a manner analogous to the polymerization of the chloride to form “in¬ 
organic rubber.” 

Similar experiments were carried out using as reactants phosphonitrile 
chloride and p-cresol, o-nitrophenol, m-nitrophenol, and p-nitrophenol. In 
each case an oily product was formed which polymerized on continued 
heating at elevated temperature to a viscous mass which set on cooling to 
a hard thermoplastic resin, ductile over a certain range of temperature, but 
brittle when cold. Polymerization with the nitro compounds occurred 
more readily than with the unsubstituted phenols, but a certain amount 
of decomposition took place simultaneously. Other phenols were tried, 
including catechol, resorcinol, quinol, phloroglucinol, salicylic acid, and 
benzoic acid, but under similar conditions to those given above, no reac¬ 
tion was observed. The difficulty in getting the condensation to occur 
readily would seem to be the heterogeneity of the reaction mixture. In 
general, sodium derivatives of phenols are not soluble in the same type of 
solvent as phosphonitrile chloride, and no suitable mutual solvent being 
available, the reaction has to be carried out in a heterogeneous medium 
which renders it slow and inefficient. There is the further point, too, that 
the chlorine in phosphonitrile chloride is covalently bound and not very 
readily replaceable by ions. 
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A further set of reactions investigated were those between phosphoni- 
trile chloride and amines. It has^*^® previously been reported that phos- 
phonitrile chloride reacts with aniline, toluidine, and piperidine, in each 
case by elimination of hydrochloric acid from the chlorine and an amine 
hydrogen atom. Reactions were found to occur between phosphonitrile 
chloride and diphenylamine, ethylaniline, diethylamine, triethylamine, di- 
methylaniline, phthalirnide, methylene urea, urea, semicarbazide, quinoline, 
benzylaniline, and a number of other substituted amines, but no definite 
compounds were isolated. It was found, “ however, that the reaction be¬ 
tween phosphonitrile chloride and certain substituted anilides, e.gr., acet¬ 
anilide and diphenylurea, gave rise to produc^ts which could readily be 
identified. Thence an attempt was made to explain the course of the reac¬ 
tion. 

When phosphonitrile chloride and acetanilide are heated together at 150- 
200 ° the mixture turns red and evolves gases. The red material solidifies 
on cooling, but remains as a transparent, thermoplastic, resinous substance. 
Extended heating renders it darker in color, eventually becoming black, 
infusible, and insoluble. In the earlier stages of the polymerization proc¬ 
ess, the material is soluble in water, alcohol, and organic solvents. Both 
qualitative and quantitative experiments were conduc ted on a micro scale 
in order to investigate the reaction completely. The gaseous products 
evolved from the reaction mixture were found to be hydrochloric acid and 
acetyl chloride, as shown by the equation: 

P3N3CU + 5 C6H5NHCOCH3 P^NaCNCellOs -f 3 CHsCOCl + 3 HCl 

In one quantitative experiment, 87% of the theoretical amount of hydro¬ 
chloric acid was collected by absorption in sodium hydroxide solution, but 
only half the total amount of acetyl chloride required by the eejuation was 
collec'ted. The main product of the reaction, P 3 N 3 (NC 6 H 5 ) 3 , polymerize^ 
in a similar way to the other compounds already mentioned, giving a chain 
structure: 


C6Hr.N C«H,N 

II II 

N=:=P—N-=P— 

CeHjrl 

The reaction also takes place in boiling nitrobenzene solution (b.p. 209°), 
from which the product is eventually precipitated, rather more slowly in 
o-dichlorobenzene (b.p. 180°), perceptibly in .vym-tetrachloroethane (b.p. 
147°), and scarcely at all in chlorobenzene (b.p. 132°). The sodium deriv¬ 
ative of acetanilide gives an identical product, with elimination of sodium 
chloride instead of hydrochloric acid. When propionanilide is used as 
starting material, an identical product is also obtained, but propionyl 
chloride and hydrochloric acid are evolved as gaseous produc:ts. Struc¬ 
turally homologous compounds were obtained from phosphonitrile chloride 
and a-acetonaphthylamide, and from phosphonitrile chloride and p- 
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nitroacetaniiide, but the nitro compound showed a tendency to char and 
decompose. 

The reaction between phosphonitrile chloride and diphenylurea took 
place in a manner similar in most respects to that between phosphonitrile 
chloride and acetanilide. The resinous condensation product was, how¬ 
ever, yellowish-green instead of red, and was insoluble in water in the 
early stages of the polymerization. Qualitative microinvestigation of the 
products of the reaction showed that hydrochloric acid and phenylisocya- 
nate were evolved, the equation being: 

PjNjCU + 3 CeHftNHCONHCeHfi ;==± P,N,(NC.H6), -f 3 C«H»NCO + 6 HCl 

Phenylurea gives a similar product to diphenylurea on heating with phos¬ 
phonitrile chloride, probably because it is converted into diphenylurea on 
heating. Similar reactions were found to occur, giving rise to the same 
polymer and homologous volatile products, when dimethyldiphenylurea and 
diethyldiphenylurea were heated with phosphonitrile chloride. The resin¬ 
ous condensation products are ductile when warm, and may be drawn into 
filaments. This fact tends to confirm the opinion that polymerization 
gives rise to chains consisting of alternating phosphorus and nitrogen 
atoms, the side chains being attached to the phosphorus atoms. 

EXPERIMENTAL 

Preparation of Phosphonitrile Chloride. The method used was 
essentially the same as that described by Schenck and Romer,^ but with 
slight modifications to improve the yield. 140 grams of ammonium chlo¬ 
ride, previously dried, were added to a solution of 450 grams of phosphorus 
pentachloride in 1200 ml. of dried 5ym-tetrachloroethane, and the mixture 
refluxed on an oil bath. Heating was continued until hydrogen chloride 
ceased, or almost ceased, to be evolved; this operation usually took about 
12 hours. A calcium chloride tube was attached to the open end of the 
condenser. The mixture was cooled and the unchanged ammonium chlo¬ 
ride filtered off. The solvent was distilled off at 50° under water-pump 
vacuum, and the residual butterylike mass transferred to an open dish and 
allowed to cool. The oil and traces of excess solvent were removed by suc¬ 
tion on a sintered-glass funnel, and the product washed with a little aqueous 
ethanol. The powder, which consisted almost entirely of triphosphoni- 
trile chloride was recrystallized several times from benzene. Yield: 120 
grams (i.e., 48% theoretical). About 30 batches have been made by this 
method. Analytical figures for a typical batch are: found: P 26.1, N 
12.2, Cl 62.6; calculated (or mCh: P 26.76, N 12.08, Cl 61.16%. Low 
yields are thought to be due to the use of excess ammonium chloride which 
reacts with the phosphonitrile chloride formed to give phospham or phos¬ 
phonitrile amide, and also to the use of too high a reaction temperature: 
it appears that 120-130° is the most suitable. 

Polyphosphonitrile Chloride. 5 grams of phosphonitrile chloride 
were heated to 300° in a sealed tube for several hours. The elastic poly- 
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meric material obtained was identical with Schenck and Romer’s “inor¬ 
ganic rubber.” 

Analysis: Found: P23.5; Cl 57.2. Cafcu/ated for PNCb: P 26.76, Cl 
61.16%. Heating of this material at 350® followed by sudden chilling de¬ 
posited crystals of triphosphonitrile chloride on the walls of the tube. 

Phosphonitrile Chloride and Phenol. 40.5 grams of phenol were 
dissolved in a solution of 20 grams of sodium hydroxide in 135 ml. of water. 
This was refluxed with 25 grams of phosphonitrile chloride for 28 hours. 
The oily product was colorless, and was washed with benzene which was 
removed under reduced pressure. Attempts to distil the product for purifi¬ 
cation were unsuccessful as it did not boil below 320® at a few millimeters 
pressure. Analysis showed that it was probably contaminated with excess 
phosphonitrile chloride. Found: P 16.6, N 8.3, C 52.8, H 4.6; PsNa- 
(0C6H6)6 requires P 13.4, N 6.1, C 62.3, H 4.3%. No ready means of puri¬ 
fying this compound were found. Further heating causes polymerization. 

Phosphonitrile Chloride and p-Cresol. 35 grams of p-cresol were 
treated with 8 grams metallic sodium with benzene as diluent, and the 
mixture refluxed with 20 grams phosphonitrile chloride for 10 hours. The 
benzene was removed by distillation, and the brown oil dissolved in ether, 
dried, and concentrated. It would not distil below 360® at 3 mm. pres¬ 
sure. Found: P 14.8, N 7.7, C 59.6, H 6.7; P 3 N 3 (OC 7 H 7)6 requires P 12.0, 
N 5.1, C 64.9, H 5.6%. No method of purification was available; it was 
apparent that excess of phosphonitrile chloride was present, either dissolved 
in the oil, or in combination with it. Continued heating caused polymeri¬ 
zation to a thermoplastic resin. 

Phosphonitrile Chloride and Nitrophenols. Condensation reac¬ 
tions were carried out with phosphonitrile chloride and o-, m-, and p- 
nitrophenols separately. 14 grams of the nitrophenol were dissolved in 
80 ml. toluene, and 2.5 grams sodium added. The mixture was then re¬ 
fluxed with 11 grams of phosphonitrile chloride for 5-15 hours. The 
toluene solution yielded a red condensation product similar in properties 
to that obtained from p-cresol, but subject to more ready decomposition. 
No analyses were made. 

Phosphonitrile Chloride and Acetanilide. 11.5 grams of phos¬ 
phonitrile chloride and 12 grams of acetanilide were intimately mixed and 
warmed in a distillation apparatus to a temperature not exceeding 200® 
for a few minutes until evolution of gases appeared complete. In the re¬ 
ceiver 4 grams of acetyl chloride were collected, and in a sodium hydroxide 
absorption apparatus attached to the side-arm of the receiver 3.1 grams of 
hydrochloric add were absorbed. This corresponds to roughly 50% of the 
theoretical acetyl chloride and 87% of the theoretical hydrochloric acid. 
The red solid polymer left in the distillation flask was ground under ben¬ 
zene when cold, and washed several times with benzene to remove un¬ 
changed phosphonitrile chloride and acetanilide. The reaction was also 
carried out by refluxing the mixture for several hours in boiling nitroben¬ 
zene and in boiling o-dichlorobenzene. 
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Phosphonitrile Chloride and Other Anilides. The reaction was 
carried out as above, but using the appropriate amount of propionanilide 
in place of acetanilide; the solid product of the reaction was identical, 
but the gaseous products evolved were propionyl chloride and hydrochloric 
acid. Benzanilide reacted similarly, giving off benzoyl chloride and hydro¬ 
chloric acid, and producing the same red resinous condensation product. 
By using phosphonitrile chloride with a-acetonaphthylamide, and phos- 
phonitrile chloride and p-nitroacetanilide, structurally homologous com¬ 
pounds were obtained, although the nitro compound charred before the 
reaction was complete. 

Phosphonitrile Chloride and Diphenylurea. 11.5 grams of phos¬ 
phonitrile chloride and 21 grams of 5ym-diphenylurea were intimately 
mixed and treated in the same apparatus as described above at 240® for 
four minutes. The products evolved from the reaction were identified as 
hydrochloric acid and phenyl isocyanate. The reaction mixture in the 
flask became yellowish-green in color, and, on completion of evolution of 
volatile products, was purified in a manner similar to that described above. 

Phosphonitrile Chloride and Diphenylguanidine. This reaction 
was carried out as described above for diphenylurea, but the resinous 
product was darker green in color, and the volatile products other than 
hydrochloric acid were not identified. 

Phosphonitrile Chloride and Other Substituted Ureas. Phos¬ 
phonitrile chloride and phcnylurea, on condensation and polymerization, 
gave a product apparently identical with that obtained from diphenylurea, 
probably because phenylurea is converted into diphenylurea on heating. 
Similar reactions were also observed to occur when phosphonitrile (ihloride 
was heated with dimethyldiphenylurea and with diethyldiphenylurea. 
The resinous products were hard when cold, tending to become brittle 
after continued heating, but softening sufficiently for the drawing of fila¬ 
ments to be carried out on warming. 

Methods of Analysis. Carbon and hydrogen were determined by the . 
ordinary Pregl method; for phosphorus, the polymeric materials were in¬ 
cinerated with nitric acid followed by the usual phosphomolybdate pre¬ 
cipitation; nitrogen was determined by the ordinary Kjeldahl method. 

The author wishes to record his thanks to Dr. A. A. Houghton for carry¬ 
ing out the analyses. 
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Resume 

Les reactions du chlorure de phosphonitrile avec les phenols et les amides substi- 
tu6es ont 6t6 6tudi6es. Certaines de ces substances polymerisent facilernent en for¬ 
mant des huiles d point d'ebiillition 61ev6e ou des r6sines thermoplastiques. Une nou- 
velle reaction a 6t6 trouv6e entre le chlorure de phosphonitrile et certaines anilides sub¬ 
stitutes, telles racetaiiilide et la diphenylurte. Les Equations de ces rtactions sont sug- 
gerees. II est evident que le radical phosphonitrilique sc comporte comme une unite 
de stabilite elcvte, presentant des possibilitts chromophores, et donnant facilernent for¬ 
mation i\ des polymtrcs en chaine. 

Zusammenfassung 

Die Reaktionen von Phosphonitrilchlorid init Phenolen und sul)stituierten Amiden 
wurden untersucht. Einige der erhaltenen Substanzen polyrnerisieren leicht und ge- 
l)en hoch siedende Ole oder thennoplastische llarze. Eine neue Reaktion zwischen 
Phosphonitrilchlorid und einigen substituierten Aniliden, wie Acetanilid und HarnstolT, 
wurde gefunden. Gleichungen fiir diese Reaktionen werden vorgeschlagen. Das 
Phosphonitrilradikal wirkt olfensichtlich wie eine hochbcstandige Einhcil init chromo- 
phoren Eigenschaftcn, die leicht Kettenpolymere bildet. 
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I. DISCUSSION OF VARIOUS FORMULAS 

The unbraiiched linear macromolecule in solution resembles a loosely 
coiled chain. The flow of solvent through the coil is impeded much more 
near the center than near the periphery because of much greater density of 
chain elements near the center. The solvent is said to be partly immobi¬ 
lized in the central part of the coil. This situation is reflected in the de¬ 
pendence of the intrinsic viscosity and sedimentation constant on the 
molecular weight. Thus a freely draining random coil behaves in accord¬ 
ance with Staudinger’s law and has a sedimentation constant that is inde¬ 
pendent of molecular weight. On the other hand, if the flow is totally 
hampered, the intrinsic viscosity and sedimentation constant increase in 
proportion to the square root of the molecular weight, M, or the polymeriza¬ 
tion degree, Z, provided the mean distance of the two chain elements and 
the effective length, R, of the molecule show the same square root depend¬ 
ency upon tlie number of links involved. (In regard to this latter require¬ 
ment the recent calculation^® of the influence of the space-filling property 
of the polymer chain, that is the volume effect, and the polymer-solvent 
interaction on the average dimensions of the polymer molecule is of im¬ 
portance.) The majority of linear polymer molecules are found to exhibit 
a behavior intermediate between these two extremes. Therefore it is of 
interest to work out a more exact description of the transition from the 
free-draining coil to the impenetrable coil. 

The two limiting values and the relations in the intermediate region 
have often been investigated. H. and W. Kuhn^ infer an interpolation 
formula from the limiting laws and model tests.® By considering the 
hydrodynamic interaction the same relations had been found by J. J. 
Hermans® for sedimentation and by Peterlin® for the viscosity. The cal¬ 
culations of Hermans do not allow an immediate translation into viscosity, 
as only the interaction of the extremities of the molecule is taken in con¬ 
sideration. With Peterlin’s treatment both the viscosity and the sedimen¬ 
tation can be obtained. By equal consideration of all parts of the thread 
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molecule he finds—^in case of a purely statistical coil the effective distance 
R of the extremities being —the results*: 



v apAl _ N _ 

4 Mo 1 + 1.2(6/7r)’/XaoMo)A^’/’ ^ ^ 


Is] = 



OTT Oo L 3 Vtt/ i4o 


(la) 


where is the effective length, ao the hydrodynamic radius, and Mo the 
molecular weight of the statistical element. Such an element is chosen so 
that its orientation is independent of the neighboring segments of the 
molecule. It is composed of f fundamental units. The number of su('h 
segments is = Z/f. 

Because of the approximations made in averaging over all possible 
molecular configurations, the numerical factor 1.2 in Eq. (1) is not quite 
correct and should be replaced by another value. In any case it is clear 
that it must be smaller than Vs, since in sedimentation all elements work 
in the same sense as they move in the same direction (exterior diffusion), 
while in viscous flow, where the two extremities of the molecule move to¬ 
ward one another (interior diffusion), the influence of one half of the chain 
elements is opposed on the average to the other half. 

It further appears that the term unity occurring in the sum in both equa¬ 
tions is influenced by the hydrodynamic interaction. It should be re¬ 
placed by two new constants, Ui and 02 , whic^h we shall not consider more 
closely because they prove to be of no importance for the effective length 
R which alone is of interest. With these new constants we obtain: 

M = Mo N/(a, + 6xiV‘/») = MlN/{l + Ci/V‘/‘) (2) 

with: 

Mo = hlo/ni Cl = bi/ui 

and: 

Is] = [s]i(a* + bzN'^') = [«]: (1 + c,N'/') (2a) 

With: 

[s]l = [s]Qa 2 C 2 = & 2 /a 2 

The values of the constants a and b depend essentially upon the way in 
which the interaction of the individual segments is taken in consideration, 
as well as upon the hydrodynamic resistance of the elements Inasmuch 
as the latter cannot be well determined, both Eqs. (1) and (2) shall be con¬ 
sidered essentially as interpolation formulas. 

* The intrinsic viscosity here and in all later formulas refers to the mixed weight 
concentration, i.e., g./cc. This is better applicable in practice because it is not neces¬ 
sary always to multiply by the specific volume v of the solute. For the same reason in 
[«] the factor i in the numerator is omitted. 
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The results of Kirkwood and Riseman/ Brinkman,^ and Debye and 
Bueche* show the same uncertainty. The two first authors regard the 
hydrodynamic interaction of all segments and average over all statistically 
permitted configurations of the molecule very precisely. They obtain by 
solution of an integral equation a tabulated function for viscosity and a 
formula similar to Eq. (la) for the sedimentation constant. Brinkman and 
Debye and Bueche replace the thread molecule by a sphere of constant 
density into which the solvent can penetrate only partially, and solve ex¬ 
actly the resulting hydrodynamic problem. The solutions are given in 
form of tabular functions. Debye and Bueche further showed that their 
formula for viscosity is identical with the results of Kirkwood and Riseman, 
except for an uncertainty in the numerical constants. 

One can go on still further and compare the results of all the calculations 


made earlier. All have two essential constants if 

h] = BYFiy) (3)^ 

= (3a) 

= BxV(l + x) (3b) 10 

and: 

[s] = [sUl + 8y/3) (4)^ 

= 2[s]o(TyW{(T) (4a)i'2 

= [s]o (1 + X*) (4b) 10 

with: 

y = (5) 

= (<//1.054)(a:/6')(WA/^)'''' (5a) 

I = 1.2(6/7r)'''’(aoMo)OW/A/o)'^’ = M'^‘/A (5b) 

I* = = M'''/A* (5b) 


In Eqs. (5) and (5a) the symbols Uo, 6' and A/n denote the hydrodynamic 
radius, the effective length, and the molecular weight of the fundamental 
unit (monomeric unit) of the rnacromolecule. Evidently it is: 

ao/(b'Mo'^’) = ao/(AoM'/‘) 

i.e., the effective length and the resistance of the molecule must not depend 
on the way in which the flexibility of the molecule is taken into account. 
One can either include the valency angles and the rotational hindrance in 
the calculation or take these into a(^count by introducing the number f 

t Eqs. (3b) and (4b) are derived from (I) and (la). If one proceeded from Eqs. (2) 
and (2a), the factors in x and x* (Eqs. (5b) and (5b)*) should be still divided by ai and 
02 . For the length R (Eq. (6) ff.) to be calculated later the factors ai and 02 are really 
of no importance. 
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specifying how many fundamental units are to be joined in order to form 
segments that are statistically independent of one another. 

The general behavior of the above functions can be cmnpared independ-' 
ently of the special value of the essential constants A and fi if log [i;] and 
log [sj are plotted against the logarithm of the independent variables y, 
V, and X or x*, which all are proportional to M'^' and the resulting curves 
are brought into coincidence by shifting the scale. 

As may be seen from Figures 1 and 2 all three functions in the case of 
viscosity as well as at the sedimentation can be made to coincide although 
the shifting of the scale is not the same for the two cases. The full curves 
correspond to Ekjs. (3b) and (4b), the crosses to the values of Kirkwood and 
Riseman,® and the circles to those of Brinkman' and Debye and Bueche.* 



Fig. 1. Viscosity according to 
Kirkwood and Riseman* (crosses), 
Brinkman^, and Debye and Bueche* 
(circles) and Peterlin^* (solid line). 


Fig. 2. Relative sedimentation 
constant [s]/[s]e according to Debye 
and Bueche* (circles), Peterlin^S 
and Kirkwood and Riseman* (solid 
line). 


The crosses and the circles lie so well on the curves that the differences no 
doubt lie within the errors of observation. All three pairs of formulas are 
consequently equally good for interpolation. It is, tiierefore, hardly pos- 
sitde to establish by experiment which function better reproduces the 
measurements. If measurements yield a different result for the depend¬ 
ence of the sedimentation constant or tire intrinsic viscosity on the molec¬ 
ular weight than that represented in Figures 1 and 2, something must 
be altered in the fundamental suppositions. It may be, for instance, that 
the mean distance R of the extremities of the molecule incretuses more or 
less rapidly than the square root of the polymerization degree.'** 

By shifting the curve 3b toward 3 one can determine a better value for 
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the uncertain factor 1.2. We get the value 0.52 so that Eq. (5b) should 
be altered to: 

a: = 0.52(6/7r)‘/*(aoMo)(M/Mo)’/* (5c) 

This shifting is now neither very exact nor has it a deeper sense. It would 
be preferable to determine an empirical value for this factor at a known 
length of the molecule. 

For interpolation purposes the simplest possible formula is desired. We 
shall therefore try to interpret the measurements of the intrinsic viscosity 
and sedimentation for a polymer series by Eqs. (3b) and (4b) because they 
are the simplest. We proceed by plotting the experimental values M/[ri] 
and [s] against For large M, where the above suppositions are valid, 
a straight line should result if the molecules behave like a random coil with 
partial solvent immobilization. 

11. EFFECTIVE RADIUS R OF THE MOLECULE 

From the slope of the plot of M/[rj] and [ 5 ] against as abscissa: 

tan a = A/B 
tan a* = [sJo/A’*' 

we obtain the effective length R from viscosity data: 
i?, = cot a/NAY^'M'^' = 1.52 X IQ-oCcot aY^’M'^' (6) 

and from sedimentation data: 

R. = (2‘^V3‘''V’^’)(cot a*/NA)M'^' = 3.25 X 10"** cot (6a) 

with the above mentioned uncertainty in the factor 1.2. Na represents 
Avogadro’s number. 

The difference between Eqs. (1) and (2) does not influence the value of 
R because it affects only the position and not the slope of the straight lines. 
It is further significant that the special choice of the size of the statistically 
independent elements, that is of the number f, does not appear in expres¬ 
sions (6) and (6a) and, therefore, does not influence the calculation of the 
length R from experimental data. 

The frictional constant,/, is given by the following expression: 

/ « M/{Na[s]) = (l/ao)(3irAo/8)2-x*V(l + x*) = C*x*V(l + x*) (7) 

Since the intrinsic viscosity and the frictional constant are often repre¬ 
sented by Mark’s interpolation formulas: 

[„] = ifiM“ 

/ = KtM” 


the exponent 


a = (1 + x/2)/(l + x) 


( 8 ) 

(8a) 
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is plotted in Figure 3 as it follows from Eqs. (3b) and (8). The same curve 
represents the exponent 6, if x is replaced by x*. 

From the experimentally determined value of a orb we obtain the effec¬ 
tive length B: 

R, = (2A)’/‘3’/‘(1.2/JV^)'/*([,]M/(l - a))’/* = 1.21 X 

10-*-([,]M/(l-a))'/* (9) 

R. = (2/3t)*/>-//(1 - 6) = 0.098/7(1 - b) (9a) 

or; 

R, = (2/3t)’^*M/(A^-4[s](1 - b)) = 1.62 X 10-«M/([s](l - b)) (9b) 



Fig. 3. The exponent h (or o) as 
a function of the parameter x* 

(or X - 


The simplicity of the correct interpolation formulas Eqs. (3b) and (4b) 
makes the use of them preferable to the exponential representation by Eqs. 
(8) and (8a). 


III. COMPARISON WITH EXPERIMENTS 


If we want to apply our formulas on macromolecular solutions we find 
that the viscosity and the sedimentation has been measured on the same 



Fig. 4. Intrinsic viscosity of nitrocellulose in butyl acetate 
(Fivian>). 


preparations in only a few cases. As far as I know, there are only the 
nitrocellulose fractions in butyl acetate and acetone for which Fivian* had 
measured the viscosity and Mosiman^ the sedimentation and the cellulose 
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acetate fractions in acetone in which Sookne and Harris^® measured the 
viscosity and Singer^ ^ the sedimentation. 

For the nitrocellulose the measurements yielded the following results. 
The viscosity (Fig. 4) can in the entire measured range, i.e., from M == 6200 
to M = 613,000 be represented by the straight line: 

[ 17 ]. = -24.3 + 8.05 X 10-® M 

where [ 17 ]»is intrinsic viscosity of nitrocellulose in butyl acetate and sub¬ 
script V refers to volume concentration (cc./cc.). These solutions can be 
cited as models for the linear Staudinger law. Hence it would follow that 



* ■ " * — - . ■*-*-' 2 
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Fig. 5. Sedimentation constant of nitro¬ 
cellulose in acetone (Mosiman^). 
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Fig. 6. M/h] and [s] in ar¬ 
bitrary units over for 

cellulose acetate in acetone. 


these molecules are free-draining coils. The values for sedimentation veloc¬ 
ity (Fig. 5), however, lie on a straight line, if plotted against M‘^*, which 
w^ould point to a statistical coil with a fair immobilization of the solvent. 
In order to solve this contradiction one will be forced to make essential al¬ 
terations of the random coil model, and treat more accurately the transi¬ 
tion from the nearly stiff molecule to the statistically coiled molecule, as 
was already pointed out by Sadron.^^ More precise results referring 
hereto w ill be reported shortly. 

The experimental data for cellulose acetate in acetone fit somewhat 
better into tJie frame of the present theory, but an ideal consistency is 
lacking. Plotting M/[rj] and [s] against one obtains (Fig. 6 ) straight 
lines in both cases, if the viscosity value for the lowest fraction is neglected. 
Making use of the formulas ( 6 ) and ( 6 a) we obtain for the effective length: 

= 1.44 X 
R, = 1.85 X 

If this difference were to be due only to an error in the factor 1.2 in the 
viscosity formula, it should be replaced by 2.56. This is very unlikely, 
for then the hydrodynamic interaction of the segments in viscous flow 
would be almost as large as in the sedimentation; this cannot happen. If, 
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however, we compare the lengths R, with the length L of the stretched mole¬ 
cule, we see from the Table I that in the lowest fractions the molecule is 
quite extended. The suppositions of the random coil with partial solvent 
immobilization are surely not realized. This has been already stated for 
these preparations by Singer and Mark,’* who found a similar discrepancy 
in R when applying the theory of Debye and Bueche. 


TABLE I 


At 

L 

Ai. A. 

L. A. 

t/ 

10.350 

148 

190 

190 

1.0 

51,000 

325 

419 

930 

2.2 

143.000 

545 

701 

2600 

3.7 

194.000 

634 

817 

3500 

4.3 


Considering, on the other hand, the viscosity measurements of Ewart 
and Gingey on polystyrenes known to me only from the above quoted paper 
of Kirkwood and Riseman,* we have: 


fl, = 1.18 X ia-*M’/* 


which for molecular weight of 1,000,000 yields R - 1180 A. From light 
scattering measurements this length has been determined as 1080 A. In 



Fig. 7. M/h] v». for omylose triacetate in chloroform. 


the viscosity formula Eq. (1), therefore, the uncertain factor 1.2 is to be 
replaced by 0.91 in order to obtain agreement in the viscometric and opti¬ 
cal determination of effective length in polystyrene molecules. After 
this correction Eqs. (6) and (9) become: 

B, = 1.39 X 10-»(cot (10) 

and: 


B, - 1.10 X 10-«([,]Af/(l - a))‘/* (10a) 
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With values thus corrected we obtain, for instance for amylose triacetate 
in chloroform (Fig. 7) which had been viscometrically investigated by 
Samec and Knop,^* the effective length: 

fi, = 1.34 X 

The molecular lengths calculated in this manner are all considerably smaller 
than the extended molecule. For instance, taking M = 178,000 we have 
R = 565 A., while the extended molecular chain measures 2863 A. or 
2414 A. if we consider the valency angle of the oxygen atom linking the 
glucose residues into a chain. If these residues can rotate freely around 
the oxygen links, the valency angle of 115® yields an effective length of 
191 A. for the randomly coiled molecule. The above measured length is 
3.0 times larger; this indicates a hindered rotation. It can be explained 
either by a steric hindrance with a permitted angle of 131® or by a poten¬ 
tial barrage of the height Wo = SAkT.^^ 

IV. CONCLUSIONS 

The actual results of viscosity and sedimentation measurements show 
that an entirely satisfactory description of the linear macromolecule in 
dilute solution, particularly of the comparatively stiff molecules of various 
celluloses, does not yet exist. It seems, as Sadron^^ has intimated, that 
with cellulose the conception of the random coil can be adopted only at an 
extraordinarily high degree of polymerization, while with a smaller molecu¬ 
lar weight we have to deal with a transition from the state of an almost rigid 
small rod to a more and more inflected thread. In conformity with the 
theoretical expectations the sedimentation velocity shows also in this in¬ 
termediate region an almost linear dependence of while in the case of 
viscosity there can be ascertained a steady transition from the almost 
quadratic function with the smallest molecules over the linear Staudinger 
rule up to the square root region at extreme molecular weights. 

In the case of the polystyrenes and amylose, the theory of a coil with 
partial solvent immobilization is expected to be valid. The values M/M 
plotted against lie well on a straight line and the resulting molecular 
lengths R are all so much smaller than the extended length L that the coil¬ 
ing and the hydrodynamic interaction must be very considerable. One 
must wait to see whether measurements of sedimentation will lead to the 
same value of R as the viscosity. If this will be so, then we shall be able 
to say that the model of the statistic coil with hydrodynamic interaction is 
realized at least with the comparatively soft flexible chain molecules and 
that with stiffer molecules with increasing molecular weight a slow^ approach 
to this state is realized. 
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R£sum6 

On a compare les divers formules pour la viscosity et la sedimentation des grosses 
molecules lin6aires qui se rendent compte de Tinteraction hydrodynamique, et on a 
trouv6 un accord 6tendu entre elles. Pour Tusage pratique la plus simple formula 
rendra le meilleur service. Si Ton porte les valeurs exp^rimentales de [5 ] et de A// [?? ] sur 
la racine carree de la masse mol6ciilaire, on re^oit des lignes droites. La pente donne la 
longueur effective des molecules. On a donn6 les formules relatives et on les a appli- 
qu6es aux divers polymers. 

Zusammenfassung 

Es warden verschiedene Formeln fiir die Viskositat und Sedimentation von linearen 
Hochpolymeren, die unter Beriicksichtigung der hydrodynamischen Wechselwirkung 
aufgestellt worden sind, miteinander verglichen und ihre weitgehende Uhereinstimmung 
festgestellt. Fiir die Praxis wird die einfachste Formal die hasten Dienste leisten. 
Durch Auftragen der Messwerte [«] und M/Mgegen die Quadratwiirzelaus dem Mole- 
kulargewicht erhalt man Gerade, aus deren Neigung die effektive Lange der Molekiile 
abgelesen warden kann. Diesbezugliche Formeln werden angegeben und auf verschie¬ 
dene Hochpolymere angewandt. 

Received April 19, 1949 
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Polymerization of m- and p-Formylstyrenes* 


RICHARD H. WILEY** and PATRICK H. HOBSON, t Venable Chemical 
Laboratory^ University of North Carolina 


The purpose of this investigation was to provide some information con¬ 
cerning the polymerization of m- and p-formylstyrenes, which as sub¬ 
stituted styrenes having electrophilic substituents in the nucleus^ might 
show variations in polymerization tendency such as have been observed 
with m- and p-nitrostyrenes.^ 

p-Formylstyrene prepared by the decarboxylation of p-formylcinnamic 
acid* was readily polymerized by benzoyl peroxide in bulk to a hard, clear 
plug, and by potassium persulfate in emulsion. The polymer did not 
precipitate from the monomer during bulk polymerization. The resulting 
polymer was characterized by its insolubility in a wide variety of organic 
solvents, 0.02 g. failed to dissolve after refluxing and stirring for approxi¬ 
mately 24 hours in 25-cc. portions of benzene, toluene, xylene, methyl 
ethyl ketone, methyl isobutyl ketone, cyclohexanone, benzaldehyde, aceto¬ 
phenone, chloroform, tetrachloroethylene, diehloroethyl ether, diphenyl 
ether, Cellosolve, dioxane, nitrobenzene, nitromethane, dimethylform- 
amide, butyl acetate, phenol, and tricresyl phosphate. No appreciable 
degree of swelling was observ ed in any of these solvents. No satisfactory 
solvent for the polymer was found. This is difficult to reconcile with the 
observed solubility of the polymer in monomer during bulk polymerization. 
The polymer softened at 14()-150°C. and was pressed into a pliable, trans¬ 
parent film. This indicates that extensive cross linking is not the cause of 
insolubility. 

p-Formylstyrene was copolynierized with butadiene in aqueous emul¬ 
sion. The polymerization was carried out in P/ 4 -ounce screw-cap bottles 
rotated end over end 34 r.p.rn. at 48 =*= 0.5°C. A standard 75-25 emul¬ 
sion recipe^ was used. Conversions of 65 and 90%, respectively, were ob¬ 
tained at the end of 10 and 21 hours. The copolymer was a firm, light- 
colored, rubberlike material. It swelled greatly in benzene and was only 
slightly soluble in this solvent. 0.2 g. of the copolymer isolated at 65% 
conversion was allowed to stand in 50 cc. of dry benzene at room tempera¬ 
ture. Removal of the benzene from a gel-free aliquot portion indicated 
that 0.12 g. of the copolymer had dissolved. This gel-free, undiluted solu- 

Contribution from the Venable Chemical Laboratory of the University of North 
Carolina. 

** Present address: University of I^uisville, Louisville 8, Kentucky. 

t Du Pont Company Postgraduate Fellow, 1948-1949. 
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tion had an intrinsic viscosity of 0.96 as calculated from the equation used 
by Marvel et a/.* 

m-Formylstyrene was prepared by condensing isophthalaldehyde with 
1 mole of malonic acid, decarboxylating the resulting mixture of m-formyl- 
ciimamic acid and m-phenylenediacryhc acid by a technique previously de¬ 
scribed,* and separating the m-formylstyrene from the m-divinylbenzene 
thus obtained by fractional distillation under reduced pressure. No satis¬ 
factory method for the separation of m-formylcinnamic acid from m- 
phenylenediacrylic acid was found and the separation of the two vinyl 
compounds by fractional distillation was not clean-cut. m-Formylstyrene 
was readily polymerized by benzoyl peroxide in bulk, to a hard, clear plug, 
and by potassium persulfate in emulsion. The resulting polymers were 
similar to those formed from the para isomer with regard to appearance, 
insolubility, and moldability. The ease with which these monomers poly¬ 
merize indicates that an electrophilic group does not per se introduce com¬ 
plications in the polymerization of substituted styrenes. 

Data from our studies are now available for a comparison of the proper¬ 
ties and polymerization of three styrenes with electrophilic substituents in 
the mela position. These data are summarized in Table I. m-Nitrostyrene 
is the slowest of these to polymerize, and polymerizes, under comparable 
conditions, to the lowest molecular weight polymer. The other two re¬ 
semble styrene itself on bulk polymerization. This indicates that the re¬ 
tardation is peculiar to the nitro group and is not general for electrophilic 
groups in the mela position. The Hcunmett sigma values suggest no such 
peculiarity in the m-nitro group. The values for formyl, cyano, and nitro 
groups in the m- and p-positions vary from +0.381 to 1.27 with m-nitro, 
+0.710, very close to m-cyano, +0.678. This then raises the question 
as to whether or not determination of the relative reactivity of the m- 
nitrostyrene radical toward the unsubstituted styrene radical from copoly¬ 
merization data® will show the m-nitro substituent as abnormal. 


Substituent 
in mela 
position 

B p. of 
monomer 

TABLE I 

/——Polymerisation®-. 

Bulk Emulsion Cationic 

Softeninjr 
point of 
polymer 

Viscosity t 

NOj 

96 73 *5 mm. 

XXX 

0 

0 

1.05 

CN 

83 73 -5 mm. 

X — — 

100® 

1.270 

CHO 

102711 mm. 

X X — 

135® 

Insol. 


* X indicates successful;—indicates not tired. 
Relative viscosity for 0.4 g. in 100 ml. CH 8 NO 2 . 


EXPERIMENTAL 

Condensation of Isophthalaldehyde with Malonic Acid 

45 g. (0.34 mole) of isophthalaldehyde was dissolved in 70 cc. of ethanol 
and 6 cc. of pyridine was added. To the stirred solution heated on a steam 
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bath a solution of 33 g. (0.32 mole) of malonic acid in 110 cc. of ethanol 
was added dropwise over a period of about five hours. The solution was 
heated for 1V 2 hours after the addition of malonic acid and 100 cc. of alcohol 
was removed by distillation. After cooling the solid was filtered off and 
washed with 30 cc. ethanol and 150 cc. of cold chloroform to remove un¬ 
reacted isophthalaldehyde. There remained 41 g. of a mixture of m- 
formylcinnamic acid and m-phenylenediacrylic acid, neutral equivalent 
163, calculated neutral equivalent of formylcinnamic acid 176. 

Preparation of m-Formyl 8 t 3 rrene 

37 g. of the above mixed acids was decarboxylated with quinoline and 
copper using the technique previously described.* From the quinoline 
distillate there was obtained 8 g. of a mixture of m-formylstyrene and m- 
divinylbenzene. This mixture was distilled and the following fractions 
collected: 85-100° (11 mm.), 1.4 g.; 100-102° (11 mm.), 3.6 g.; 102-103° 
(11 mm.), 1.5 g. The third fraction Md 1.5811, cfj® 1.035 was analyzed. 

Analysis. Calcd. for CgHaO: C, 81.79; H, 6.10. Found: C, 82.20; 
H, 6.15. 

The phenylhydrazone was prepared® and recrystallized twice from 
ethanol, m.p. 129-130°. 

Analysis. Calcd. for C 16 H 14 N 2 : N, 12.61. Found: N, 13.14. 

1 g. (0.0076 mole) m-formylstyrene was oxidized to m-carboxystyrene 
with silver oxide.* Yield 0.48 g. (43%), m.p. 95-96° (after recrystalliza¬ 
tion from 20% ethanol). Reported® m.p. 95°. Polymerizations were 
carried out by standard procedures as described above. 
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Resume 

Les polym^res et copolyra^res du m- et p-formylstyrfene, obtenus par polymerisation 
en bloc et en emulsion, sont fusibles et insolubles dans un grand nombre de solvants. 
La presence du groupe formyle electrophile ne semble pas alterer la polymerisabilite de 
ces composes. Le m-formylstyrene a ete obtenu par decarboxylation de Tacide m-formyl- 
cinnamique, et ses constantes sont indiquees. 
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Zusammenfassung 

Es wurde gefunden, dass Polymere und Copolymere von m- und p-Forraylstyrol, 
hergestellt durch Block- und Emuisionstechnik, schmelzbar und unloslich in einer gros- 
sen Anzahl von organischen Losungsmitteln sind. Die Gegenwart der elektrophiien 
Formylgruppen scheint die Polymerisationsfahigkeit dieser Bestandteile nicht zu 
aandem. m-Formylstyrol wurde durch Dekarboxylieren von m-Formylzimtsaure 
hergestellt und charakterisiert. 

Received June 29,1949 
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Mechanism of Emulsion Polymerizations. 

IV. Kinetics of Polymerization of Styrene 
in Water and Detergent Solutions* 

F. A. BOVEYf and I. M. KOLTHOFF, School of Chemistry, University of 

Minnesota 


In order to gain further insight into the meehanisin of the emulsion 
polymerization of styrene, it was believed to be of inter(\st to investigate 
its rate of polymerization in pure water solution and in aqueous solutions 
of detergents, no excess of styrene being present as a separate phase. 
Under such conditions, the rate of polymerization can be measured as a 
function of the concentration of styrene, as well as of the concentration of 
persulfate and of detergent. .Measurements of the polymerization rate in 
water alone may throw light on the role of the ‘ true water phase” (the 
acfueous solution exc’lusive of tlie micelles and polymer partic les) in normal 
emulsion polymcirization, in which a large excess of monomer is initially 
present as a separate phase. Present theories^*^ postulate the soap mkielles 
as the locus of reac tion during the early stages of emulsion pol\ merization, 
and the polymer particdes as the locus during the later stages of conversion, 
after the soap has been adsorbed on the surfac es of the partic les. Measure¬ 
ments of the rate of polymerization of styrene solubilized in detergent 
solutions provide a means of investigating the kinetics of the reaction under 
conditions ccjrresponding to those existing in the very early stage of the 
emulsion polymerization process, before the polymer particles have assumed 
a role of importance. Such measurements thus focus attention on the part 
played by the detergent micelles. Particular attention has also becai given 
to the determination of the rate of production of monomer radicals (rate of 
activation) in the presence and absence of mic cdles. 

Very few studies of the rates of polymerization of vinyl monomers in 
water and in aqueous solutions of detergents have been described in the 
literature. Bacon® has studied the polymerization of acrylonitrile in water 
solution at 30® with persulfate as initiator in combination with sodium 
sulfite, sodium hydrosulfite, and hydrexfuinone. These reducing agents all 
greatly increase the rate of polymerization. The c'on version curves ob- 

* Contribution from the School of Chemistry of ttie University of Miimesota. This 
Work was carried out under the sponsorship of the Office of Rubber Reserve, Recon¬ 
struction Finance Corporation, in connection with the Synthetic Rubber Program oi 
the United States Gc^vernrnent. 

t Present address: Minnesota Mining and Manufacturing Co., St. Paul, Minn. 
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tained are S-shaped. No theoretical treatment of the results was ofiFered. 

Baxendale and cowoAers^*® have studied the polymerization of methyl 
methacrylate in aqueous solution, using the ferrous iron-hydrogen peroxide 
system as initiator. They found the rate of polymerization to be pro¬ 
portional to the monomer concentration up to about 40% conversion, after 
which the rate became slower than corresponded to first-order kinetics. 
This retardation was attributed to the coagulation of the polymer formed. 
When cetylpyridinium bromide was added to the system, the rates became 
very much faster and did not “die out” until much higher conversions were 
reached. It was stated that the emulsifier had no effect on the ferrous 
iron-hydrogen peroxide initiating system, but it was found that amounts 
of cetylpyridinium bromide as small as 0.0003% (presumably far below the 
critical concentration for micelle formation) had a very marked acceler¬ 
ating effect on the rate. The accelerating effect was attributed to a sta¬ 
bilization of the polymer particles formed. This explanation hardly seems 
adequate to account for the marked effect even on the initial rate. 

Morgan® has studied the polymerization of acrylonitrile in aqueous 
solution, using ammonium persulfate as initiator. He found that the rate 
was approximately proportional to the V 2 power of the monomer concen¬ 
tration, and to the square root of the persulfate concentration. Deviations 
were observed, however, particularly above 50% conversion of the mono¬ 
mer. 

Frilette and Hohenstein^ have investigated the polymerization of styrene 
in 2.0% aqueous potassium oleate solutions at various temperatures from 
75 to 118°. It does not appear certain, however, that the polymerization 
was actually thermally initiated, as intended. Because of the readiness 
with which oleic acid forms peroxides, it seems possible that the polymeriza¬ 
tion may have been initiated by unknown quantities of these substances. 

The authors cited, with the exception of the last, have used relatively 
large concentrations of monomers, of the order of 0.1 M, and have employed 
monomers whose solubilities in pure water are much greater than that of 
styrene. However, the corresponding polymers are not water-soluble, and 
the coagulation and precipitation of the polymers complicate the interpreta¬ 
tion of the results considerably. To avoid this complication as far as 
possible, we have used relatively low concentrations of styrene (less than 
0.02 M) even when employing solutions in which the solubility is higher 
than this. 


EXPERIMENTAL TECHNIQUE 
Materials 

Dodecykmine hydrochloride^ potassium persulfate^ styrene^ and water 
are as previously described.® 

Potassium palmikde was prepared by I. K. Miller in this laboratory by 
neutralization of a solution of Eastman Kodak White Label palmitic add 
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in alcohol with carbonate-free alcoholic potassium hydroxide. The potas¬ 
sium palmitate was separated by crystallization at 0°. 

Potassium laurate was prepared by dissolving the calculated amount of 
Eastman Kodak White Label lauric acid in aqueous potassium hydroxide of 
known concentration, carbon dioxide being excluded by flushing with 
nitrogen. 

S. F. Flakes soap was not employed as emulsifier because it absorbs 
bromine and thus interferes with the styrene titration. 

Apparatus and Analytical Methods 

To carry out the kinetic investigations described in this paper, the 
apparatus shown in Figure 1 was employed. This consisted of a thick- 
walled vessel A of 500-ml. capacity, fitted with tubes B and C and stopcock 



Fig. 1. Apparatus for measuring 
rate of reaction of styrene in aque¬ 
ous solution. 


D by means of which a stream of nitrogen could be passed through either 
the liquid or gas phases. The reaction mixture was stirred by a Pyrex- 
coated magnetic stirrer E actuated by a rotating magnet F. Samples 
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could be withdrawn by applying nitrogen pressure through tube B, thus 
forcing a sample into the 25-ml. pipet G. The withdrawn sample was 
cooled by an ice-water mixture in jacket H if styrene was to be determined. 
The cooling served to minimize volatilization of the styrene. The pipet 
was attached to the vessel by the ground-glass joint I. The reaction 
mixture was maintained at the desired temperature by the thermostated 
water bath J. 

To carry out a reaction, 500 ml. of conductivity water was pipetted into 
the vessel. To remove oxygen, a brisk stream of nitrogen was passed 
through C for 30 minutes if no detergent was present. If detergent was 
present, foaming prevented oxygen removal by this means, and, instead, 
the reaction vessel was alternately connected to a water aspirator and 
refilled witli nitrogen. This cycle was repeated at least ten times. After 
flushing, styrene and persulfate solution were added from burets. Styrene 
was determined by amperometric titration with potassium bromate in the 
manner previously described.® For concentrations of 0.005 M or over, 
0.01817 M potassium bromate was employed, and for concentrations less 
than this, 0.001817 M potassium bromate was employed. There was a 
slight absorption of bromine by the fatty acid soaps, for which correction 
was made. The dodecylamine hydrochloride absorbed no bromine. 

EXPERIMENTAL RESULTS AND DISCUSSION 
Solubility of Styrene in Water and Detergent Solutions 

The solubility of styrene in water at 25, 40, and 50° was determined by 
stirring 300 ml. of water in the reaction vessel with 2 ml. of styrene until 
equilibrium was reached (about one hour). Samples were then removed 
and titrated. The results obtained are shown in Table I. 


TABLE I 

Solubility of Styrene in Water 


Temp., ®C. 

Mole/liler 

Per cent 

25.0 

0.00261 

0.0271 

40.0 

0.00308 

0.0320 

50.0 

0.00368 

0.0382 


Lane^® has determined the solubility of styrene in water by a colorimetric 
method employing a formaldehyde-sulfuric acid reagent, and also by a 
cloud-point method. His values are 10-15% higher than those shown 
above; our values are believed to be more reliable and to be accurate within 
2 %. 

The solubility of styrene in 0.093 M DDA -HCl and 0.093 M potassium 
palmitate solutions at 40 and 50° was determined by visual inspection of a 
series of small flat-sided bottles containing 50 ml, portions of emulsifier 
solution and varying quantities of styrene, added from a microburet. 
These mixtures were allowed one hour to reach solubility equilibrium, and 
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the solubility was taken as equal to the quantity of styrene in the bottle 
showing the first faint turbidity. The presence of oxygen prevented poly¬ 
merization. The results obtained are presented in Table II. 

TABLE II 

Solubility of Styrene in 0.093 M Solutions of Dodecylamine Hy¬ 
drochloride AND Potassium Palmitate 


Solvent 

Temp., ®C. 

Solubility 

Mole/liter 

Per cent 

Dodecylamine hydrochloride .. 

. 40 

0.062 

0.65 


.'>0 

0.091 

0.95 

Potassium palmitate. 

. 40 

0 096 

1.00 


50 

0.139 

1.45 


Rate of Polymerization of Styrene in Water Solution 

Rates of polymerization of styrene in water solution were measured at 
50° as a function of the persulfate concentration. The initial concentration 



Fig. 2. Rates of polymerization of styrene in water solution at 
50° with persulfate. Run 1, IX KaS208 » 0.00620 M. Run 2, V^X 
K 2 S 2 O 8 * 0.OO154 M. Run 3, VuX K 2 S 2 O 8 = 0.000385 M. 


of styrene was approximately 0.0019 M, or 51.5% of saturation. The con¬ 
centration of persulfate was made 0.00620 M (corresponding to a IX- 
persulfate recipe, based on the aqueous phase), 0.00154 M (VtX), and 
0.000383 M (VwX). The reaction curves are shown in Figure 2. In 
Figure 3, the quantity x/a{a — x), where a is the initial concentration of 
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styrene and a — x is the concentration at time I (minutes), is plotted 
against t for these three runs. It will be observed that the rates are approx-, 
imately bimolecular in styrene, but that deviations occur at higher con¬ 
versions. These deviations are probably to be attributed to the effect of 
the polymer t)articles formed in the system. In these reactions, a distinct 
turbidity appears within 15 minutes from the start of the reaction. 



TIME. MINUTES 


Fig. 3. Polymerization of styrene in aqueous solution 
at 50°, plotted as a second-order reaction. 1,1X KgSaOg. 
2, V 4 X KjSgOi* 3, VwX KgSjOi. 


In Table III, the bimolecular rate constants and extrapxdated rates of 
polymerization in a saturated styrene solution at 50° (0.00368 M), cal¬ 
culated from the rate constants, are presented. 

From these data, it is found that the rate of polymerization of styrene 
in water solution at 50° with persulfate as activator is given by the ex- 
presnon: 

-d(M)/dt => fe(M)*(C)‘^* 

where (M) is the styrene concentration and (C) the persulfate concentra¬ 
tion. 
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TABLE III 


Run 


Persulfate 

oonoentration, 

mole/liter 


Seoond^rder 

rate 

constant, 

liter/mole/min. 


Extrapolated 
rates of 
polymerization, 
mole/liter/min., 
at satn. (0.00368 M) 


1 

2 

3 


0.00620 10.9 
0.00154 5.12 
0.000385 2.56 


0.0001480 

0.0000695 

0.0000347 


It appears that in emulsion polymerization with an excess of styrene the 
rate is much greater than corresponds to that found in a saturated solution 
of styrene in water in the absence of detergents. From the data in Table 
III it is calculated that in a saturated solution of styrene in water made 
0.00620 M (1X) in potassium persulfate, the rate of polymerization would 



Fig. 4. Polymerization of styrene in 0.093 M aqueous 
dodecylamine hydrochloride solution at 50**. Runs 4 
andSi 0.0062 AT KfSsOi, IX. Run 6: 0.0015 3f KsSsO«, 
ViX. See page 494. 
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be 0.0001480 X 60 — 0.0089 mole/liter/hour, whereas in the presence 
of lx DDA-HCl, the rate is 3.54 moles/liter/hour. Thus, the detergent 
must increase the rate of activation of the styrene (v.i.) or the micelles of 
the detergent play a direct part in the propagation reaction, or both. It 
appears unlikely that the micelles merely function as reservoirs to maintain 
the “true” water phase saturated with monomer. 

Rate of Polymerization of Styrene in Solutions of Dodecylamine 

Hydrochloride 

Rates at 50° in 0.093 M DDA-HCl solution rates were measured employ¬ 
ing the initial styrene concentrations and persulfate concentrations indi¬ 
cated in Table IV. In Figure 4, the rate curves are presented. In Figure 
5, x/a(a ~ jr) is plotted against /. 



0 GO i20 180 240 300 


TIME. MINUTES 

Fig. 5. Polymerization of styrene in 0.093 M aqueous 
dodecylamine hydrochloride solution; 50**. Test of 
second-order reaction. 

Rates have also been measured at 40°, using concentrations of styrene 
and persulfate indicated in Table V. The rate curves are presented in 
Figure 6, and in Figure 7 x/a{a — x) is plotted against <. 
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TABLE IV 

Rate Constants Found in 0.093 M DDA*HCl at 50“ 


Run 


Persulfate 
coDcn., mole/ 
liter 


Styrene ooncn., 
mole/Uter 


Second-order 

rate 

constant, 

liter/mole/min. 


4 0.00620 

5 0.00620 

6 0.00154 


0.00223 

7.40 

0.00392 

7.40 

0.01620 

3.83 



Fig.. 6. Polymerization of styrene in 0.093 M dodecyl- 
amine hydrochloride at 40®. Runs 7, 8: IX K 2 S 2 O 8 . 

Run 9: ‘AX K 2 S 2 O 8 . Run 10: VwX KjSiOs. 

It will he observed that the rates of polymerization in the DDA-HCl 
solution are, as in water alone, proportional to the square of the monomer 
concentration and to the square root of the persulfate concentration. 
By comparison of the rate constants in Table IV to those in Table III, it 
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TABLE V 

Ratb Constants Found in 0.093 M DDA*HC1 at 40“ 


Run 


Penulfate 
oonoD., mole/ 
liter 


Styrene oonon.« 
mole/liter 


Second-order 

rate 

oonatant, 

Uter/mole/mifi. 


7 

8 
9 

10 


0.00620 

0.0166 

2.92 

0.00620 

0.00386 

3.48 

0.00154 

0.0168 

1.75 

0.000385 

0.0171 

0.845 


T 




TIME. MINUTER 


Fig. 7. Rates of polymeiizatioii of styrene in 0.093 M 
dodeeylamine hydrochloride at 40®. Test of second^ 
order reaction. Runs 7, 8i IX KsSsOi* Run 9t ViX 
KgSiOi. Run 10 s VwX KtSfOf. 


will be observed that the rate constants in DDA*HC1 solution are about 
68% of those in water solution. 

In the emulsion polymerization of styrene at 50® with 0.093 M DDA- 
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HCl and 1X persulfate, the initial rate should be given by an extrapolation 
of the rates found in Runs 4 and 5 (Table IV) to a styrene concentration of 
0.091 M (corresponding to the saturation of the emulsifier solution with 
styrene). We thus expect the emulsion rate to be: 

7.4 X (0.091)2 X 60 = 3.68 moles/liter/hour 

which is in good agreement with the observed rate at 50° of 3.54 moles/ 
liter/hour. 

Tliis suggests, as seems reasonable, that the polymerization mechanism 
is inilially the same in emulsion polymerization with excess of styrene as 
when all the styrene is dissolved in the emulsifier solution. The polymeriza¬ 
tion of styrene in DDA -HCl solution seems to be second-order over at 
least a 100-fold range of styrene concentration. 

Rate of Polymerization of Styrene in Solutions of Fatty Acid 

Emulsifiers 

An investigation has also been made of the rates of polymerization of 
styrene in solutions of fatty acid soaps. It has been found that the rates 

j^i -^- 1 - 1 - j - 1 - - - 1 - 1 



TIME, MINUTES 


Fig. 8. Polymerization of styrene in solutions of fatty acid soap emulsifiers 
at 50^ with 0.0062 M (IX) KsSsO,. Run 1: No emulsifier. Run 11: 0.093 M 
Kpalmitate. Run 12 1 0.0187 M K palmitate. Run 13: 0.0187 M K laurate. 
Run 14 * 0.0047 M K laurate. Run 15 : 0.093 M Na acetate. Run 16: 0.031 
M Na,HP 04 - 

are considerably faster than in the presence of DDA • HCl under otherwise 
equivalent conditions. At 50°, the initial rates are too great for accurate 
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measurement, but some approximate data have been obtained using potas¬ 
sium palmitate and potassium laurate. The rate curves are shown in 
Figure 8, in which the curve for Run 1 (water alone) is reproduced for com¬ 
parison. It will be observed that whereas the presence of 0.093 M DDA • 



Fig. 9. Polymerization of styrene in 0.093 M K palmi¬ 
tate at 40°, Run 17: IX KjSjOg. Run 18: V 4 X 
KsSaOfl. 


HCl somewhat retards the polymerization, compared to water alone, 
the presence of 0.093 M potassium palmitate increases the rate very mark¬ 
edly, while even 0.0187 M potassium palmitate and 0.0187 M potassium 
laurate produce increases of 2 to 3 fold. The rate of disappearance of 
styrene in Runs 12 and 13 is not second-order with respect to styrene, but 
is approximately first-order with a rate constant of 0.037 min.~^ For 
Run 11, a first-order rate constant of 0.05 min.“^ is found. 

Because not only the rate but the order of the reaction is changed by 
addition of the fatty acid soaps, it appears that these substances increase 
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the rate of production of free radicals by a chemical interation with the 
persulfate. Independent evidence demonstrating such interactions has 
been obtained in this laboratory. “ Such an effect may also occur in 
DDA • HCl solutions, but to a smaller degree. Run 15 shows that 0.093 M 
sodium acetate (pll 8,8) has only a small accelerating effect, while Run 16 
shows that in 0.031 M disodium phosphate (pH 9.5; ionic strength is 
0.093 M, the same as in 0.093 M sodium acetate), which is not conceivably 
subject to chemical attack by persulfate, the rate is essentially the same as 
in pure water. The interaction of persulfate with the carboxylate group 
in sodium acetate evidently has at most a small effect on the polymeriza¬ 
tion. 

The presence of 0.0047 M potassium laurate (critical concentration: 
0.02 M) has only a small effect on the rate. It is of particular interest that 
at a concentration of 0.0187 Af, potassium laurate and potassium palmitate 
ac celerate the rate to the same degree, in spite of the fact that the potassium 
palmitate solution (critical concentration about 0.001 M) is almost entirely 
micellized, whereas the potassium laurate is almost entirely unmicellized. 
The micelles as such apparently do not play an important role in this effect. 

The rates of polymerization of styrene in 0.093 M potassium palmitate 
at 40° have also been measured. The rate curves are shown in Figure 9. 
The form of the curves in general resembles that of those observed in the 
presence of 0.093 M DDA • HCl, but the rates are more than twice as great. 
Exact comparison is difficult, however, because the curves of Figure 9 
obey no simple kinetic law% being neither first nor second order, although 
more nearly the former. Observed qualitatively, the difference between 
the reaction curves in DDA HCl and in potassium palmitate appears to 
be that in the latter case the period of rapid polymerization extends to higher 
c'onversions before the reaction begins to “die out.” 

Effect of Persulfate Concentration on Molecular Weight of Polymer 
Formed in DDA-HCl Solution and W'ater 

The effect of the persulfate c'oncentration on the molecular weight of 
the polymer formed in DDA HCl was measured. Polymers formed in 
Runs 6, 7, 9, and 10 were isolated by liberating the free dodecylamine by 
addition of potassium hydroxide, dissolving the amine by addition of 
alcohol, and filtering the polymer on a sintered glass crucible. The in¬ 
trinsic viscosities were determined in benzene at 25.0°, and are tabulated in 
Table VI. The intrinsic viscosity - molecular weight relationship is 

TABLE VI 

Molecular Weight of Polystyrene Formed in 0.093 M DDA-HCl 


Run 

Temp., ®C. 

Pereulfate oonen. 


Pn 

6 

50 

0.00155 

0.64 

625 

7 

40 

0.0062 A#, lx 

0.55 

505 

9 

40 

0.00155 M. ‘AX 

1 33 

1540 

10 

40 

0.000385 M, ‘AbX 

1.84 

2280 
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that of Ewart et is the number-average degree of polymerization, 

taken as one-half the degree of polymerization indicated by the Ewart 
data. 

It is seen that the molecular weights are approximately in the inverse 
ratio of the square roots of the persulfate concentrations, although P^ in¬ 
creases somewhat more rapidly than does 

The polymer formed in water solution was also isolated by reacting ten 
liters of a solution initially 0.0024 M in styrene and 0.0019 M in potassium 
persulfate at 50°C. When polymerization was complete, the excess per¬ 
sulfate was destroyed with hydroxylaraine hydrochloride and the polymer 
isolated by evaporation, followed by purification by dissolving in toluene 
and precipitation in a large volume of methanol. The intrinsic viscosity 
(in benzene at 25°) was found to be 0.49, corresponding to Pn = 456. 


Estimation of Rates of Activation of Styrene in Water and 
Detergent Solutions 

From the data of Table III, it is easily calculated that the initial rate of 
polymerization (essentially equal to the rate of propagation) under the 
conditions of the experiment described immediately above, in wliich the 
polymer was isolated, i.e., 0.0024 M initial styrene concentration, 0.0019 M 
potassium persulfate, and 50° reaction temperature, without detergent, 
is 21.0 X 10“^ mole per liter per hour. Since it was only possible, because 
of experimental limitations, to measure the molecular weight of the polymer 
produced over the entire reaction period, it is necessary to employ the 
average rate of polymerization over this period. From this, the average 
rate of initiation over this period can be obtained (assuming disporportiona- 
tion of recombining radicals) as the average rate of propagation divided by 
the average degree of polymerization of the polymer. Since the rate varies 
as (M)^ we have: 

(m\ ^ (M)»rf(M) ^ (M,)» - (M0» 

\ dl J * (Mo) - (M.) ^ 


which in the case of a reaction carried to completion becomes: 



( 2 ) 


where (,d(R)/dt) is the average rate of initiation and {d(M)/dt)o is the initial 
rate of polymerization. Substituting the experimental data we find: 



1 21.0 X 10-* 
3 4.56 X 10* 


= 0.15 X 10“‘ mole/liter/hour 


When the persulfate concentration is 1 X (0.0062 M), the rate of radical 
production will be approximately: 


0.5 X 10“* mole/liter/hour at 50® 
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It is not known at present how this rate depends upon the styrene concen¬ 
tration. Because we are satisfied at the present time to obtain only the 
order of magnitude of this rate, we shall employ the above average figure 
as the rate of activation of styrene in water in the presence of 1 X persulfate. 
In this calculation, chain transfer with monomer has not been considered. 

Confirmation of the order of magnitude of this figure is obtained from 
induction period experiments with p-benzoquinone as inhibitor. In prin¬ 
ciple, measurement of induction periods produced by p-benzoquinone in the 
absence of emulsifier should give an estimate of the rate of activation under 
these conditions.® In practice, however, the rate of polymerization in the 
absence of emulsifier is too small for the end of the induction period to be 
distinctly observed. Therefore, the expedient has been employed of in¬ 
jecting V 2 X dodecylamine hydrochloride (DDA HCl) in the form of a 
concentrated solution in water after various times to each of a series of 
bottles containing initially V 2 X persulfate and 0.01 millimole p-benzoqui- 
none per 100 g. of monomer. It is found that at 50°, after 12.5 hours reaction 
time in the absence of emulsifier, the induction period produced by the 
unreacted quinone, after injection of DDA-HCl, is only 0.18 hour, which is 
9% of the value 2.0 hours observed when the emulsifier is present from the 
start. Accordingly, 91% of the original quantity of p-benzoquinone must 
have reacted in 12.5 hours. This corresponds to a rate of activation 
(remembering that the volume of the aqueous phase is 180 ml.) of: 

0.01 X 10-* X 0.91 X 1/12.5 X 1000/180 = 0.8 X 10“® mole/liter/hour 

in the presence of V 2 X persulfate, or 1.6 X 10““® mole/liter/hour in the 
presence of 1 X persulfate. If the quinone disappears also by some com¬ 
peting reactions during this period, this estimate will be higher than the 
true rate of activation. 

Previously, it has been deduced® from the length of the induction period 
produced by p-benzoquinone that in a IX dodecylamine hydrochloride, 

IX persulfate recipe at 50°, the rate of initiation is approximately 11.5 

X 10 “® mole/hour/liter of aqueous phase. It appears that the rate of 
activation is much increased by the presence of dodecylamine hydrochloride 
as emulsifier. 

The average rates of initiation in 0.093 M DDA*HC1 at 40 and 50° 
with V 4 X persulfate can also be approximately calculated from the molec¬ 
ular weights of Table VI and the initial rates of polymerization from the 
data in Tables IV and V, using the last expression inequation ( 1 ) above. 
From Run 9, we find: 

/ct(R)\ ~ 0.77 X 10 mole/liter/hour at V 4 X persulfate 
XdT /«• = o*’ 308 X 10 mole/liter/hour at IX persulfate 

From Run 6 , we find: 

/(/(R)\ ■= 3.52 X 10 “* mole/liter/hour at V 4 X persulfate 

y fll = or 14.1 X 10“‘ mole/liter/hour at IX persulfate 
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This last value is of the same order of magnitude as that deduced from 
induction period experiments for emulsion polymerization at 50® with 1X 
persulfate. It appears from this that the rate of initiation in DDA*HC1 
solution cannot be proportional to the concentration of dissolved styrene, 
for in emulsion the concentration of styrene in the aqueous layer (including 
the micelles) is almost 0.1 M at 50®, whereas in the present experiments it is 
only about Ve of this value. In this connection the fact reported elsewhere,® 
that the induction period produced by quinone in emulsion polymerization 
is insensitive to the DDA • HCl concentration and therefore to the concen¬ 
tration of solubilized styrene, substantiates the above conclusion. 

Unfortunately, it has not been possible to make a direct comparison of 
the rates of activation with and without detergent under otherwise identical 
conditions because of the difficulty of isolating a very small quantity of 
polymer in the presence of much emulsifier. 

From the rate constants for the polymerization of styrene in 0.093 M 
DDA HCl at 40 and 50® we find an apparent over-all activation energy of 
15,750 cal. per mole. From the above rates of initiation, we find an activa¬ 
tion energy for the initiation step of 30,600 cal. per mole. This is in reason¬ 
able agreement with the value of 30,600 cal. per mole deduced from quinone 
induction periods.® 


DISCUSSION 

It is not known at present whether the second-order form of the poly¬ 
merization of styrene in DDA HCl solutions and in water is of funda¬ 
mental significance, or the result of secondary factors, such as the forma¬ 
tion of polymer particles in the system as the reac^tion proceeds. However, 
it does not seem likely that the formation of polymer particles is a major 
factor under the conditions of the present experiments, because the rate 
constants are practically the same (compare Runs 4 and 5 or 7 and 8) over 
as much as a 5-fold range of initial styrene concentrations. Thus, the. 
initial rate of Run 8 is very nearly the same as the rate of Run 7 when the 
styrene concentration in Run 7 has become equal to the initial concentra¬ 
tion in Run 8, despite the accumulation of polymer in Run 7 at this point. 
This seems to us to indicate very strongly that the reaction may be prop¬ 
erly treated as a homogeneous one. In this connection, it is of interest 
that whereas in water alone or in the presence of sodium acetate or disodium 
phosphate the reaction mixture becomes very turbid as conversion pro¬ 
ceeds, in DDA‘HCl solution no perceptible turbidity appears even when 
five times as much polymer is present per unit volume as in the reactions 
in the absence of emulsifiers. The particles formed in solutions of emulsi¬ 
fiers under these conditions are evidently very small and considerably 
smaller than those formed in water without emulsifier. 

The fact that the rates of polymerization in water and DDA •HCl solu¬ 
tions are accurately proportional to the square root of the persulfate con¬ 
centration and that the molecular weights of the polymers formed are 
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inversely proportional to the square root of the persulfate concentration 
furnishes good evidence of “normal” bimolecular radical termination. 

The elucidation of the exact nature of the initiation step and of the role 
(probably both chemical and physical) played by the detergent must await 
further investigation. 
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Resume 

Ijes vitesses de jiolymerisation du styrene en solution dans Teau, et en solution en 
presence de clilorhydrate de dodec'ylamine, de palmitate potassique et de laurate de 
potassium ont cte mesurees. En solution dans Teau et en pr6sence de clilorhydrate de 
dod6cylamine la vite.sse de fiolymerisation est donn6e par Tequation 

-d{U)/di = A(M)*(C)V* 

oO M est la concentration en styrene et G la concentration en persulfate potassique. 
Cette expression est valide pour une concentration variant de 0.001 0.1 M dans la 

solution de clilorhydrate de dodecylamine. 

La valeur de K en solution de ce clilorhydrate de dodecylamine est 16gerement inferi- 
eure 4 cclle dans Teau pure. Les vitesses de polymerisations et les poids mol6culaires 
des polym4res obtenus ont et6 inesures a 40° et 50® en presence de 0.0062 M de persul¬ 
fate potassique et de 0.093 M de clilorhydrate de dodecylamine; les vitesses d’activa- 
tion ont ainsi ete mesurees 4 40 ° et 50 ®. 

Leurs naleurs sont ^gales 4 

(d(R)/d/] 40 ® = 3.08 X 10“* mole/litre/heure 

[d(R)/d/] 50 ® = 14.1 X 10“® mole/litre/heure 

La vitesse d’activation est essentiellement independante de la concentration en styr4ne 
dissous, et est du mime ordre de grandeur dans les experiences que dans la polymerisa¬ 
tion en emulsion habituelle avec une phase styr4nique distincte. La concentration de 
chlorhydrate de dodecylamine n*a que peu d'effet sur la vitesse d’activation, mais en 
absence complete d’emulsiflant la vitesse d’activation devient plus faible. Le poids 
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mol4culaire du polym^e form6 varie inversement proportionnellement k la racine carr4e 
de la concentration en persulfate. £n solution en presence de savons d’acides gras» les 
vitesses de polymerisation du styrene sont plus eievees qu*en solution en pres^ce de 
chlorhydrate de dodecylamine, et elles ne suivent pas de loi cinetique simple en ce qui 
oonoeme la concentration en styrene; elles precedent toutefois plutdt du Ir que du 2d 
ordre. 


Zusammenfassung 

Die Polymerisationsgeschwindigkeiten von Styrol in wassriger Ldsung, und in Losun- 
gen von Dodecylaminhydrochlorid, Kaliumpalmitat und Kaliumlaurat wurden gemes- 
sen. In wassriger Losung und in Dodecylamin-hydrochlorid-Losung ist die Polymerisa- 
tionsgeschwindigkeit durch: 

-dm/di » A:(M)*(C)‘/* 

gegeben, worin (M) die Konzentration von Styrol und (C) die Konzentration von Ka> 
liumpersulfat ist. Diese Fonnel ist fur das Konzentrationshereich 0.001 bis 0.1 M in 
Dodecylamin-hydrochlorid-Losung giiltig. Es wurde gefunden, dass der Wert von K 
in Dodecylamin-hydrochlorid-Lbsung etwas geringer ist als in Wasser allein. Durch 
Messen der Polymerisationsgeschwindigkeit und der Molekiilargewichte der Polymeren 
bei 40° und 50° in Gegenwart von 0.0062 M Persulfat imd 0.093 M Dodecylamin-hy- 
drochlorid wurden die Aktivierungsgeschwindigkeiten bei 40° und 50° gernessen. 
Diese Geschwindigkeiten sind: 

td(R)/d/] 4 o® =“ 3.08 X 10*^ Mole/Liter/Stunde 

[d(B)/dt]ho° * 14.1 X 10*^ Mole/Liter/Stunde 

£s wurde gefunden, dass die Aktivierungsgeschwindigkeit im wesentlichen unabhangig 
von der Konzentration von in Losung gegangenem Styrol ist. Sie ist von der gleichen 
Grossenordnung in diesen Versuchen wie in einer normalen Einulsionspolymerisation 
mit einer getrennten Styrolphase. Die Konzentration von Dodecylamin-hydrochlorid 
hat kaum eine Wirkung auf die Aktivierungsgeschwindigkeit, aber in vollstandiger 
Abwesenheit von Emulsionsmittel wird die Aktivierungsgeschwindigkeit viel geringer. 
Es wird gefunden, dass das Molekulargewicht des erhaltenen Polymers im umgekehrten 
Verhaltnis zu der Quadratwurzel der Persulfatkonzentration steht. In Lbsungen von 
Fettsaureseifen sind die Polymerisationsgeschwindigkeiten von Styrol grosser als in 
Lbsungen von Dodecylamin-hydrochlorid, und sie folgen keinem einfachen Kinetik- 
Gesetz in Bezug auf Styrol, sie sind jedoch der ersten Ordnung naher als der zweiten. 

Received July 5, 1949 
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Viscosities of Binary Polymeric Mixtures 


WILLIAM R. KRIGBAUM and FREDERICK T. WALL, Noyes Chemi- 
cal Laboratory, University of Illinois, Urbana, Illinois 


INTRODUCTION 

Numerous attempts liave been made to relate the viscosity of a binary 
polymeric mixture to the viscosities of the components.Considerable 
difficulty has been encountered in expressing the viscosity of a single com¬ 
ponent as a function of its concentration for all but the lowest concentra¬ 
tions. To overcome this difficulty a modification of the power law origi¬ 
nally due to Baker® was proposed by Hess and Pliilippoff,® viz.: 

+ ( 1 ) 

where Cg is the concentration in weight per cent. The constants therein 
were chosen to give the best fit for data covering a wide con(*entration 
range. Philippoff^^ successfully applied equation (1) to mixtures by use of 
the further relation: 


him = Z (2) 

I 

where Xt is the weight fraction of the ith component. He found the agree¬ 
ment with available experimental data was as good or better than that ob¬ 
tained by any of the mixture laws previously proposed. 

A relation similar to (1) and (2), but employing volume fractions and 
concentration in volume per cent, had been suggested by Atsuki and 
Ishiwara^^ and w^as found by Shimoda and Uehara^^ to reproduce their 
measurements on acetylcellulose-nitrocellulose and acetylcellulose-benzyl- 
cellulose if the exponent was given the values 7 and 9. Kauppi and Bass^® 
rearranged the Philippoff-Hess relation to obtain: 

(,)■'• = K' + Kc, (3) 

Results of their irlvestigation of ethylcellulose mixtures of different molec¬ 
ular weights were reported by plotting vs. Cg. The curves were non¬ 
linear in region of low concentration and showed a sharp break at Cg = 5%, 
above which all became linear. It was further stated that the same rela¬ 
tion held within experimental error for mixtures of ethylcellulose-nitro- 
cellulose. From this result and those of Shimoda and Uehara, Philippoff^^ 
concluded that the only forces operating in polymer solutions are hydro- 
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dynamic in nature, and that no specific forces exist between polymer mole¬ 
cules. 

The conclusion that only hydrodynamic forces exist between macro¬ 
molecules in solution rests upon experimental measurements of mixtures 
in which the components differ in molecular weight, or at most have only 
slight dissimilarities in chemical structure. Since specific interactions 
would not be evident in such solutions, we have undertaken an investiga¬ 
tion of polymer mixtures in which the components are widely divergent 
in chemical nature with the belief that these mixtures might exhibit posi¬ 
tive or negative deviations from a reasonably defined ideal behavior. The 
three mixtures studied are rubber-polystyrene, rubber-ethylcellulose, and 
ethylcellulose-polyethylene glycol. By restricting measurements to solu¬ 
tions of low concentrations, the viscosity of one component can be repre¬ 
sented adequately by: 

Vsp = hk + bc^ (4) 

where: 

M = lim ri,p/c (5) 

c~~^0 

It is apparent that [rj], the value of the reduced viscosity at infinite dilu¬ 
tion, is a measure of the polymer-solvent interaction, and that the term 
involving b arises from polymer-polymef interactions at finite concentra¬ 
tions. In a mixture of polymer types 1 and 2 the total polymer-polymer 
interactions are given by Ci(ci 6 ii + C 2612 ) for type 1 and ^ 2(^1612 + ^ 2622 ) for 
type 2. Corresponding to (4) for a single component, there is obtained: 

Vspm “ [^]i^i + [^12^2 + bi\c\ + ibuCiCi + hnc\ (6) 

If this is compared to the analog of (4) for the mixture, 

'nspm = MmiCl + C2) + bmici + ( 7 ) 

it is found that the Philippoff relation (2) between the intrinsic viscosity 
of the mixture and those of the components holds; and a further expres¬ 
sion is obtained relating the polymer-polymer interaction for the mixture 
to those of the components, namely: 

. bn = x\bxi + 2X1X2612 + X2622 (8) 

We shall now define an ideal mixture as one for which 612 = ( 611622 )*'^*, 
since that renders the various equations simple in form. 

It is of interest to compare (4) and ( 6 ) with the corresponding expressions 
obtained by expanding the power law of Philippoff and Hess and retaining 
only the first three terms for dilute solutions: 

= h] + 0.43+ ... (9) 

A series of this form has been suggested by Huggins^® and employed by 
Mark and coworkersin the form: 


m 


V»p/c = h] + k'[riYc 
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For many linear polymers in good solvents k' takes the value 0.38, al¬ 
though this is by no means always the case. A similar expansion of the 
Philippoff-Hess power law for a mixture of two components results in: 

'nspm = + 0 . 43 {[ i 7 ]? c ? + 2[rj]i[n]2CiC2 + Mlcl} ( 11 ) 

Assuming 0.43 = b requires that 5i2 = {bub^Y^* for every mixture, a 

result consistent with our definition of ideality. 

EXPERIMENTAL 

Throughout this work concentration is expressed in grams of solute per 
100 ml. solution and kinematic viscosities (designated by v) are reported. 



Fig. 1. Reduced kinematic viscosity vs. concentration 
for the polymers: (1) rubber, (2) polystyrene, (3) ethyl- 
cellulose A, (4) ethylcellulose B, (5) polyethylene glycol. 


These were determined using a Ubbelohde viscometer calibrated against 
water and benzene. The values for these standard viscosities were taken 
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from Irdertwiioml Critical Tables, A kinetic energy correction was applied 
using the formula: 

At-- B/l (12) 

in which t is the flow time and the constants A and B were determined by 
the calibration previously mentioned. The constant temperature bath 
was maintained at 25® * 0.003®C. by means of a thyratron relay and a 
mercury regulator. Several values for each flow time were taken using a 
free-running stopwatch. After each sample was run, the viscometer was 
allowed to stand in hot chromate cleaning solution, rinsed thoroughly in 
distilled water, and dried in an oven. 



Fig. 2. Specific kinematic viscosity of rubber-poly> 
styrene vs. weight fraction polystyrene. 

The range of weight fractions investigated was chosen so that each com¬ 
ponent would make approximately an equal contribution to the specific 
viscosity of the mixture. For this reason it was impractical to maintain 
the total polymer concentration constant in the third mixture. Thio¬ 
phene-free benzene was used as the solvent throughout; the solutions 
were filtered through a fine screen to remove gel and finally through sin¬ 
tered glass. Concentrations were determined by evaporating duplicate 
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aliquots in aluminum dishes, followed by drying at 60®C. in vacuo for 
twenty hours. Dried ethylcellulose was found to be somewhat hygroscopic; 
since the viscosity of ethylcellulose in benzene is a function of the amount 
of water present, it was necessary in the second and third mixtures to de¬ 
termine the viscosity constants for this component from the same solutions 
used in the mixtures. This effect appears in still another form in the third 
mixture and will be discussed in detail in the next section. 

RESULTS 

The reduced kinematic viscosities of the component polymers are given 
in Table I. These values, plotted against concentration, appear in Figure 


TABLE I 

Reduced Kinematic Viscosities of Component Polymers 


Polymer 

e 


p 

^•p 

•'gp/c 

Rubber. 

... 0.10390 

372.71 

1.3354 

0.93839 

9.0317 

(1) 

.09050 

342.43 

1.2253 

.77859 

8.6032 


.08245 

326.70 

1.1681 

.69549 

8.4353 


.06330 

290.45 

1.0359 

.50369 

7.9546 


.02420 

227 26 

0.80416 

.16786 

6.9362 

Polystyrene. 

... 0 06955 

216.57 

0.76523 

0.11076 

1.5926 

(2) 

.05564 

212.24 

.74927 

.087602 

1 5745 


.04846 

210.10 

.74138 

.076150 

1.5642 


.03477 

205.94 

.72603 

.053872 

1.5492 


.02782 

203 91 

.71854 

.042993 

1.5455 

Ethylcellulose A. 

... 0 10388 

233 20 

0.82638 

0 19954 

1 9208 

(3) 

.09080 

227 88 

S06U 

.17116 

1 8851 


.08050 

223 86 

.79206 

.14971 

1.8598 


.06010 

216 29 

.76419 

.10926 

1.8181 

Ethylcellulose B. 

... 0.24730 

302.67 

1 0805 

0.56840 

2 2984 

(4) 

.17311 

262.82 

93496 

.35717 

2 0632 


.14838 

251 75 

.89443 

.29830 

2.0104 


.12365 

240.71 

.85395 

23955 

1.9373 


.09892 

230 48 

.81639 

18503 

1 8705 


.07419 

220 48 

.77962 

.13166 

1 7746 

Polyethylene glycx>I. 

... 2 2296 

242 49 

0.86048 

0 24903 

0.1117 

(5) 

1.9509 

235.19 

.83369 

.21015 

.1077 

1 6722 

229 15 

.81151 

.17794 

.1064 


1.3935 

222.45 

.78687 

.14218 

.1020 


1 1148 

216 85 

.76626 

.11226 

.1007 


0 50994 

204 82 

.72181 

.04774 

.0936 


.43709 

203 45 

.71674 

.04039 

.0924 


1, from which it can be seen that the linear relationship expressed by (4) 
holds throughout the concentration range investigated. The slopes and 
intercepts obtained by the method of least squares are given in Table II 
along with the average per cent error in the specific kinematic viscosities 
for each component calculated therefrom. Table III contains the meas- 
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TABLE II 


Experimental Viscosity Constants fob Components 


Component 

Rubber (1). 

Polystyrene (2). 

Ethylcellulose A(3).... 
Ethylcellulose B (4).,. 
Polyethylene glycol (5) 


H 

6 

Av. % 

dev. in oalod. 
^P 

6.306 

25.89 

0.232 

1.511 

1.152 

.113 

1 675 

2.333 

.149 

1.567 

2.947 

.439 

0.0882 

0 0104 

.538 


TABLE III 

Specific Kinematic Viscosities of Mixtures 


Mixture 


No. or Cf 


t 

F 


Rubber-pol ystyrene. 


No. 1 0 5001 

255 45 

0 9080 

0 3180 

(1-2+) 


2 

6001 

247 62 

8793 

.2763 

c/ = 0 06954 


3 

.7001 

239 50 

.8195 

.2331 



4 

.8001 

231 83 

.8214 

.1922 



5 

9000 

224 11 

.7930 

.1510 

Rubber-etliylcellulose A. ... 


No. 1 

.4870 

249 50 

.8862 

.2863 

(1-3+) 


2 

.5874 

242 72 

8613 

.2503 

c, = 0 0607 


3 

.6889 

235 25 

8339 

2105 



4 

7919 

228 71 

.8099 

.1756 



5 

8952 

222 26 

.7862 

.1412 

Rubber-ethylccllulose A. 


No. r 

.5880 

265 01 

.9130 

3688 

(1-3+) 


2' 

.6894 

254 45 

.9043 

.3127 

Ct * 0.0807 


3' 

.7919 

244 29 

.8671 

.2.'>86 



4' 

.8954 

234 92 

.8327 

.2086 

Ethylcellulose B-polyethylene glycol 

0.5013 

5560 

280 58 

.9999 

4514 

(4-51) 


.8823 

.7898 

275 13 

.9800 

.4225 



.8712 

8712 

271 77 

.9677 

.4046 



.9185 

.9185 

267.90 

.9535 

.3841 



.9495 

.9495 

261 38 

.9107 

.3651 



.9713 

.9713 

260 52 

.9265 

.3449 

* Weight fraction given for component designated by f. 





TABLE IV 





Values of 

Mixture Interaction Constants 


No. 

bi7 

bit 


bit 



1 

5,62 

4.36 


0.212 



2 

6.86 

5.74 


.248 



3 

6.92 

4.21 


.272 



4 

7.71 

4.77 


.302 



5 

7.91 

4.02 


.314 



6 

— 

— 


.265 



1' 

— 

3.88 





2' 

— 

4 44 





3' 

— 

4.02 





4' 

— 

4.34 





Average bij 7. 

00 =b 0.96 

4.41 0.37 ( 

D.269 0.027 


Ideal 

5.46 

7 77 


0.175 
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ured specific kinematic viscosities of the mixtures. The values for the 
first two mixtures are plotted against the weight fraction of one of the com¬ 
ponents in Figures 2 and 3. A direct plot of the points for ethylcellulose- 
polyethylene glyc*ol is not possible since the total polymer concentration 
was not held constant; however, by assigning an arbitrary total concen¬ 
tration and employing each 645 at its original weight fraction, the points of 
Figure 4 were obtained. Substitution of the viscosity constants for the 



Weight frachon component 3 


Fig. 3. Specific kinematic viscosity of rubber-ethyl- 
cellulose A vs. weight fraction ethylcelhilose A for two 
total polymer concentrations. 

•comjKinenls from Table H and the experimental specific kinematic viscosi¬ 
ties of the mixtures from Table III into equation ( 6 ) permits calculation of 
the mixture interaction constant, btj, V alues obtained in this way for the 
first two mixtures appear in Table IV. 

The interaction constant so obtained for the mixture ethylcellulose- 
polyethylene glycol is not constant, but decreases and becomes negative 
as the weight fraction of ethylcellulose is increased. This apparently 
anomalous behavior is related to the ability of ethylcellulose to coordinate 
in benzene solution. As pointed out by Suida,^^ the presence of traces of 
moisture decreases the viscosity of ethylcellulose in benzene. Staudinger 
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and Reinecke^^ repeated the experiments of Suida and concluded that 
ethylcellulose does not dissolve as macromolecules; instead, they believe, 
that benzene exerts solvent action only on the organic residue of the cellu¬ 
lose molecule, leaving the unethylated carboxyl groups free to coordinate. 



Fig. 4. Specific kinematic viscosity of ethylcellulose 
B - polyethylene glycol vs. weight fraction polyethylene 
glycol over the experimental range. Inset (4a) t calcu¬ 
lated mixture curve for the same total concentration 
over the entire weight fraction range. 

They checked this assumption by acetylating the remaining carboxyl 
groups and found that addition of water up to the saturation value had no 
effect on the viscosity of ethylacetylcellulose in benzene. Okaraura^® re¬ 
ported viscosities of ethylcellulose two to three times higher in benzene 
than in m-cresol or chloroform solutions. He also found that an increase 
in temperature resulted in a more rapid decrease in viscosity when benzene 
was the solvent. Then, in brief, benzene exerts solvent action on the or¬ 
ganic residue of the cellulose molecule, allowing some of the unethylated 
hydroxyls to coordinate; however, the resulting high viscosity is reduced 
upon addition of a polar compound which breaks the coordinate links. 
This is precisely what is accomplished by addition of polyethylene glycoL 
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If it is assumed that [v ]4 and 644 for ethylcellulose decrease linearly with 
a;*, the weight fraction of polyethylene glycol, 

[v]a = M 4 — PiXt (13) 

bu = 644 — W4ar6 (14) 

then equation ( 6 ) may be rewritten as: 

^Pm -- MiCi — [v]bC6 — 644 C 4 — b&scl = 2b46C4C6 — X6(p4C4 + 0)4^1) (15) 

The value of pi and 0)4 obtained from the mixture viscosities by the method 
of least squares were P 4 = 0.788 and 0)4 = 0.151, corresponding to [v]l = 
1.567 — 0.788x6 and 644 ' = 2.947 — 0.151x6. Substitution of these values 
into (15) gave the values of the interaction constant for the third mixture 
which appear in Table IV. The calculated and ideal curves of Figures 2, 3, 
and 4 were obtained by use of the average bij for each mixture, or the ideal 
value, 

DISCUSSION 

It has been possible by means of the measurements described to obtain 
values of the interaction constant bij for the three mixtures investigated. 
These constants, appearing in Table IV, are to be compared with the ideal 
value {biibjj)^' keeping in mind that represents the interaction between 
i and j type polymer molecules. Although bu for rubber-polystyrene ap¬ 
pears to increase as the weight fraction of polystyrene is increased, the other 
mixtures show no such trend. It is evident from the values of 613 for two 
sets of rubber-ethylcellulose mixtures that the interaction constant is in¬ 
dependent of the total polymer concentration. The average error is given 
in Table IV, the probable error being approximately 0.7 times this value. 

The interaction constant 612 for rubber-polystyrene is somewhat larger 
than ideal. The reason for this deviation is not immediately apparent. 
On the other hand, rubber-ethylcellulose exhibits a considerable negative 
deviation, which is to be expected from the extreme differences in their 
chemical natures and in their physical behaviors in various solvents. 
Ethylcellulose-polyethylene glycol shows a large positive deviation. Ap¬ 
parently polyethylene glycol and ethylcellulose attract each other probably 
through hydrogen bonding, which results in an increased mixture interac¬ 
tion. 

For polymer mixtures differing only in molecular weight the interaction 
constant would presumably take the ideal value. The applicabihty of 
the Philippoff relation to the data previously available is thereby explained, 
since the interaction constant is tacitly assumed to have the ideal value. 
This effectively gives a first approximation to the viscosity of the mixture, 
an approximation which is very good when the polymers are similar and 
becomes poorer as the dissimilarities in the components become more 
marked. For the first two mixtures the average error in Vspm calculated 
by the Philippoff relation was 2.9%; whereas the error using ( 6 ) was but 
fi. 3 %, or about the accuracy with which the specific viscosity of the com¬ 
ponent polymers could be calculated by use of the least square viscosity 
constants appearing in Table II, 
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Resume 

Les viscosit^s sp^cifiques cin^matiques, en solutions dilutes, sont donn 6 es pour trois 
melanges, et pour les composants purs correspondent. I^s r 6 sultats sont rapport 6 s A 
r^quation 

1*']2C2 + biiC* -f 2612 C 1 C 2 fecj 

et les valeurs resultants de la constante d’interaction 612 est comparee b la valeur ideale 
( 611612 )^'^*. Les melanges de polymeres non-semblables rnanifestant des deviations de 
ridealite positives ou negatives; on essaie de relier ces deviations aux proprietes phys¬ 
iques et aux structures chimiques des composants. La loi des melanges de Philippoff 
suppose de fagon tacite, un melange ideal, et, de ce fait ne donne qu*une premiere ap¬ 
proximation de la viscosite du melange, lorsque les composants sont dissemblables. 

Zusammenfassung 

Spezifische kinematische Viskositaten in verdiinnten Losungen warden fur drei Mis- 
chnngen und die entsprechenden reinen Komponenten angegeben. Die Daten warden 
in die Folgende Gleichung eingesetzt 

= [*']lCl -f + buc\ -f 2612^102 4" 6*202 

und die erhaltenen Werte der Interaktionskohstante 612 warden mit dem Idealwert 
( 611622 )^^^ verglichen. Es wird gezeigt, dass Mischungen von uimhnlichen Polymeren 
positive Oder negative Abweichungen vom Idealwert aufweisen, und es wird der Versuch 
gemacht, diese Abweichungen mit den physikalischen Eigenschaften und der chemischen 
Struktur der Komponenten in Verbindung zu bringen. Es wird gezeigt, dass das- 
Philippoff-Mischungs-Gesetz schweigend ein ideales Mischen voraussetzt und deshalb 
nur eine erste Annaherung an die Mischungsviskositat gibt, wenn die Komponenten 
ungleichartig sind. 

Received July 5, 1949 
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LETTERS TO THE EDITORS 

Degradation of High Polymers 

In two recent communications under the above title,expressions are 
presented for the dependence on time of the number-average polymeriza¬ 
tion degree Pn of a randomly degrading system. The integrated form of 
these equations can be written as: 

Pr,- \ Po - 1 
^ Pn Po ^ 

where Po, is the initial DP and k the first-order rate constant for breakage 
of links. 

It may be worth while to point out that this result has already been 
given some time ago."* As has been indicated,^ and as it should, it follows 
also from the general kinetic and statistical theories of depolymerization. 
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Mn should he replaced by Mr,/Mi, in (ta). 
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Catalysis of the Dechlorination by Zinc 

Flory,^ Wall,^*^ Maiwel,^'^ and Merz® have made theoretical and experi¬ 
mental studies of the removal of substituents from vinyl polymers and 
copolymers. During a study of reactions of this type,^ specifically those 
between zinc and dilute dioxane solutions of polyvinyl chloride and vinyl 
chloride-vinyl acetate copolymers, it has been observed that dechlorina¬ 
tion often proceeds slowly or not at all. All conversion curves obtained 
by following the formation of zinc chloride show' induction periods. The 
addition of small amounts of zinc chloride at the start of the reactions has 
resulted in disappearance of the induction periods and considerable in¬ 
creases in rate. Whether or not this is a true case of autocatalysis has not 
been determined. 
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Immediate application to simpler organic reactions was undertaken. 
No reaction takes place between zinc and dioxane solutions of l,3-did)loro- 
propane and 1,2-dicbloroethane* at 100®C. However, in the presence of 
an initial amount of zinc chloride, dechlorination proceeds at a measurable 
rate. Recently, Cohen, Wolosinski, and Scheuer* observed that the re¬ 
action between zinc and a,/3-dichloro-a,|8,|S-trifluoroethylbenzene is 
greatly facilitated in the presence of a small amount of zinc chloride and 
yields a,|8,/3-trifluoro8tyrene. 

Thus, the Freund and Frankland reactions, which ordinarily involve 
the removal of 1,2- or more widely separated bromine atoms by means of 
zinc, may be extended to dichlorides by the use of zinc chloride. This 
immediately suggests alternative methods for the preparation of olefins, 
cyclic compounds, and unsaturated polymeric materials. 
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Proceedings of the Second Rubber Technology Conference, 1948. 
T. R. Dawson, C. M. Blow, and G. Gee, eds., HefTer, Cambridge 
(Rubber Age, New York), 1949, 523 pp., $13.00. 

The Second Rubber Technology Conference held under the auspices of the Institution 
of the Rubber Industry in London, England, on June 23-25, 1948, was patterned after a 
similar meeting in lx)ndon in 1938. The proceedings of the second conference, issued 
in the same format as those of the first conference, represent an important contribution 
to the literature on rubber. Of the 43 papers presented, 19 originated in the United 
Kingdom, 11 in the United States, 6 in the Netherlands, 2 in the Netherlands East 
Indies, 2 in Germany, and 1 each in France, Canada, and Malaya. 

The opening session consisted of six papers, each dealing with a different type of 
synthetic rubber. These included butadiene-styrene copolymers, nitrile rubbers, 
silicone rubber, condensation rubbers, butyl rubber, and neoprene. 

The session devoted to the chemistry of rubber included work on the nature of sulfur 
linkages in rubber-sulfur vulcanizates, a novel method for hydrochlorinating rubber 
in the latex form, an analytical study of rubber halides, and three papers relating to the 
oxidation of rubber. 

Papers relating to the physics of rubber described work on refractive index as a func¬ 
tion of wavelength, osmometry, crystallization, free retraction and permanent set, and 
included as well two papers dealing with the application of physical theories and physical 
factors to engineering practice. 

The theory of reinforcement by fillers, and the particular properties of carbon black 
were discussed in several papers in other sessions. Still other sessions were devoted to 
latices, testing and analysis, and factory processes. 

Those more concerned with general polymer science than with rubber technology 
will find a half dozen papers of particular importance. DeUiils regarding the poly¬ 
merization of nitrile rubbers (Bima N type) including the use of mercaptans as modifiers 
were given in a paper by J. F. Nelson and B. M. Vanderbilt. A paper by II. W. Walker 
and W. E. Mochel shows the effect of polymerization temperature on the properties of 
neoprene. The lower the temperature of polymerization the more rapid is the cr>3tal- 
lization of the resulting polymer. 

In kinetic studies of the oxidation of rubber LeBras and Salvetti generate oxygen by 
electrolysis. The pressure is maintained essentially constant by an arrangement which 
interrupts the current when the pressure rises slightly. The refractive index of rubber 
and its change with wavelength are essentially the same as those found for liydnK'arbons 
of similar structure but low molecular weight, according to Wood and Tilton. Experi¬ 
mental methods used in the osmometry of dilute polymer solutions are described by 
H. W. Melville and G. R. Masson. The degree of crystallization found in natural rub¬ 
ber by the x-ray studies of J. M. Gopfiel does not exceed 30%. 

The proceedings of the conference will lie a very valuable source of information in this 
field for years to come, 

L. v4. Wood 
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Encyclopedia of Chemical Technology. Vol. 3, Raymond E. Kirk 
and Donald F. Othmer, eds., Interscience, New York, 1949, 971 pp.^ 
$20.00 per volume. 

The third volume, of the proposed ten, df this encyclopedia continues the series of well- 
written authoritative articles on the materials, methods, and phenomena of chemical 
technology. 

It opens with a continuation of the articles on Carbon. A highly informative article 
on Carbon Black (W. R. Smith), covers the channel and furnace production processes, 
and the physical properties, chemical composition, and methods of analysis of the blacks. 
Applications in rubber, etc., are discussed less completely and will probably be taken up 
in subsequent articles dealing with the end products. There are detailed articles on 
Baked and Graphitized Carbon (H. W. Abbott), Natural Graphite (S. B. Seeley and E. 
Emendorfer) and Carbonization (W. 0. Keeling and F. W. Jung) and shorter articles on 
Lampblack and Structural Carbon. The interesting article on Diamond (C. V. R.) is 
concise and comprehensive. 

Cellulosic materials are covered in a series of articles. Information on the structure 
and properties of cellulose is summarized and the processes of manufacturing wood 
pulp and chemical cotton are described in one article (J. Barsha and P. VanWyck), and 
the manufacture and properties of cellophane are covered in another (L. L. Leach). In 
a third (E. D. Klug), a general discussion of cellulose derivatives is followed by detailed 
methods of production and properties of nitrocellulose, cellulose acetate, ethyl cellulose, 
methyl cellulose, hydroxyethyl cellulose, cellulose acetate-butyrate and cellulose acetate- 
propionate. An article on Cellulose Derivative Pieties (W. O. Bracken) describes typical 
formulations, methods and materials of compounding, and fabri<*,atioii techniques 
These articles, supplemented by pertinent literature references, furnish valuable infor¬ 
mation both to those who may wish to prepare and those who use cellulosic materials. 

A large section of this volume is devoted to comprehensive technological articles on 
Cement Products and Ceramics, complex materials, the fmlymeric structures of which 
have not been completely elucidated. 

The remainder of this volume includes comprehensive articles on Eleotric Cells (W. J. 
Hamer), Cereals (W. F. Geddes and F. L. Dunlap), Chocolate and Cocoa (W. T. Clarke); 
an interesting survey of the Theory and Techniques of Catalysis (V. I. Komarewsky and 
J. R. Coley); articles on Casein, Castor Oil and Its Derivatives, Carcinogens, Cardiovascu¬ 
lar Agents, Cathartics, Centrifugal Separation, Cerium, Chlorophyll, Choline, Chromatogra¬ 
phy, and Chromium; and a number of articles on individual carbon compounds and in¬ 
organic and organic chlorine containing compounds. 


Saul G. Cohen 


ERRATA: Quantitative Investigation of X-Ray Diffiraction 
by ‘^Amorphous” Polymers and Some Other 
Noncrystalline Substances 

(J. Polymer ScL, 5, 269-281,1950) 

by P. H. HERMANS and A. WEIDINGER 
Institute for Cellulose Research, AKU and Affiliated Companies, Utrecht, Netherlands 

On page 273, line 13 from bottom: the word “coherent” should read 
‘incoherent.” 
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Effects of Hampered Draining of Solvent on the 
Translatory and Rotatory Motion of Statistically 
Coiled Long-Chain Molecules in Solution. 

Part I. Translation Resistance; Rate of Diffusion 
and Sedimentation* 

HANS KUHN and WERNER KUHN, Institute of Physical Chemistry, 
University of Basel, Switzerland 


I. INTRODUCTION AND DEFINITION OF 

Certain of the solution properties of long-chain polymer molecules, e.g., 
viscosity, streaming birelringence, dielectric relaxation, and rates of dif¬ 
fusion and sedimentation, are related to movements of the entire chain 
molecule, or parts of it, relative^ to the surrounding solvent. 

An exact calculation of the forces that are necessary to maintain such 
relative motions between a statistically coiled molecule, or portion of a 
molecule, and the surrounding solvent is difficult. To appreciate this we 
need only reflect on the hydrodynamic problems which arise when, for 
example, a certain part of the molecule comes into spatial juxtaposition 
w ith other portions of the same chain during the motion of the molecule. 

In view of such difficulties, attempts have been niad(* to obtain approxi¬ 
mate solutions both by theoretical consideration of limiting cases, and 
more generally, by means of experiments with large-scale models.^ Our 
main purpose in this paper will be to discuss the validity of some of these 
approximations, and to present the more general n^sults ac hieved by experi¬ 
ments with such models. 

One of the earliest pictures made to obtain an approximate description 
of the hydrodynamic properties of statistically coiled chain molecules in 
solution was published by W. Kuhn* in 1934, We are here referring to the 
idea of totally hampered flow which was developed simultaneously with the 
introduction and quantitative postulation of the concept of the statistical 
coil. According to this totally hampered flow model the statistically coiled 
molecule forms a closely matted structure in which tlie solvent molecules 
lie completely immobilized betwe^en the intertwining coils of the polymer. 
The behavior in solution is then the same as if the entire coiled-up molecule 
were contained in a closed skin which separates the molecule and the sol¬ 
vent included between its coils, from the rest of the solution. If the veloc- 

* Translated by Alexander Silberberg. 
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ity gradient in the solution is not too high, the entire material included in 
this skin will then behave as though it were a rigid body. 

With the help of this model the viscous behavior of macromolecular solu¬ 
tions could be discussed in the paper ^ just mentioned, while in a subsequent 
paper’ also the streaming birefringence, the rate of sedimentation, and the 
dielectric constant of solutions of Zwitter ions could be treated. According 
to the former of these papers^ the viscosity of a solution of long-chain mole¬ 
cules (characterized by total immobilization of solvent between portions of 
the chain) will show an increase in in proportion to the square root of 
the degree of polymerization Z. It was moreover shown that this will still 
further depend on how the effect of the space requirements of the solute 
molecules is taken into account, so that the increase will really be propor¬ 
tional to where € will vary between 0 and 0.3 or 0.4 according to 
space requirements. 

The other limiting case, that of the freely draining, coiled-chain mole¬ 
cule was first discussed by Huggins in 1938.^ Using methods which were 
developed by W. Kuhn to describe the shape of the statistical coil and to 
account for the hydrodynamic behavior of a rodlike or threadlike structure 
in solution (“pearl necklace model”),’ Huggins could show that, assuming 
unhampered draining of solvent through the solute molecules, i\^p/c must 
be directly proportional to the degree of polymerization, Z.® A theoretical 
basis for the empirical Staudinger viscosity law was thus found. 

In a paper by W. Kuhn and H. Kuhn^ the hydrodynamic behavior of a 
freely draining, randomly coiled, long-chain molecrule in a streaming solu¬ 
tion was treated with regard to the partial opening up of the coils of the 
molecule when the velocity gradient is very high. Parallel with discussing 
the viscosity, the streaming birefringence was treated, and relationships 
between these quantities could be established.® In later papers® these 
treatments were improved in particular by taking into acx’ount the shape 
resistance (rigidity of the chain) due to restricted rotation. 

Already in the 1943 paper^ it was pointed out that neither the assump¬ 
tion of free draining rior the assumption of complete immobilization of 
solvent in the coils of the molecule (^ould represent the actual behavior. 
Both models are merely limiting cases, with the actual conditions some- 
wjiere between. Further it was there pointed out that a coiled molecule 
of low degree of polymerization is near the limiting case of the freely drain¬ 
ing coil, while an increase of the degree of polymerization in a polymer 
homologous series must bring about a gradual transition to the totally 
hampered flow model. 

It was also shown in this paper that the freely draining coil of molecular 
weight M must be characterized by a rate of sedimentation which is inde¬ 
pendent of M, while the completely hampered flow coil will possess a rate 
of sedimentation which increases in proportion to Thus in the 

case of polymer homologous nitrocellulose solutions in acetone, for ex¬ 
ample, the sedimentation constant s could be represented by the following 
formula: 
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5 = a[l + 1.4 X (1) 

where a is a constant and M is the molecular weight. This is a formula 
which well illustrates the theoretical requirements made above. It is evi¬ 
dent that s will be practically independent of M when M is small, but will 
increase in proportion to as we make the transition to high molecular 
weight homologs. In a series of papers, J. J. Hermans^^ and recently also 
P. Debye^^, Brinkman,^® and Kirkwood and Riseman^^ have adopted the 
partially hampered flow model for coiled-up chain molecules, and have 
added further examples and theoretical discussion. 

On the other hand the partial immobilization of solvent by the coils 
was neglected both by Debye in his 1946 paper® and by Kramers.^® 

In the equations of W. and H. Kuhn the partial immobilization of solvent 
in the statistically shaped chain molecules was allowed for by the inclusion 
of a form factor X which characterized the degree of immobilization. In 
view of the fact that the conditions of percolation of solvent are rather dif¬ 
ferent in the two cases of translational and rotational motion of the coiled 
molecule it was moreover nc^cessary to make a distinction between Xtrans 
and Xroh 

The form factor Xtrans will be defined by the following expression for the 
force F which is necessary to propel a chain molecule of hydrodynamic 
length L with velocity u through a fluid of visc^osity tj: 

F = JiLuXtram (2) 

It is seen that the form factor Xtrans is dimensionless and will essentially de¬ 
pend on the degree to which draining is possible through the coiled chain. 
The hydrodynamic length L used in equation (2) is defined as the length of 
the molecule when it is extended to a linear zigzag chain without deforma¬ 
tion of interatomic distances and valency angles. The quantity u in 
equation (2) denotes the mean velocity of a chain molecule on which a force. 
F is acting. It is a mean taken over all the shapes through which the mole¬ 
cule passes due to its spontaneous constellation changes. The actual 
velocity u of the coil at any instant will of course depend upon the shape of 
the molecule at that time and its orientation to the direction of motion. 
In analogy to equation (2) we may therefore define an instantaneous re¬ 
sistance factor Xi^tram as follows: 

F ~ TjLuXi^trans (2a) 

Xi^trans therefore, corresponds to u, and will also depend upon the con¬ 
figuration of tha molecule and the direction of motion relative to it. 

The corresponding definition of the values of Xrot and Xtjot in the case of 
a rotation of the chain molecules is quite analogous, and will be given in 
Part II. 

A rough estimate of the main form factors Xtrans and Xrot has been made 
by W. Kuhn'® in the case of a freely draining chain. His results were: 

Xtran. ^ Xrot ^ 37r/2 (3) 



522 


H. KUHN AND W. KUHN 


In the following sections we shall be able to improve upon this estimate 
and determine better values of Xfran* in the two limiting cases of free drainr 
ing and of completely hampered flow in the coiled chain molecule. There¬ 
after we shall discuss the experiments on large-scale models by means of 
which the gap between these extremes can be bridged and a gradual transi¬ 
tion demonstrated experimentally. Following on from there we shall 
deal with those phenomena which depend essentially on \trans, namely the 
sedimentation constant and the diffusion constant of the chain molecule. 

In Part II we shall discuss the resistance to rotation, that is, Kot, and 
correspondingly deal with quantities dependent thereon, namely the vis¬ 
cosity and streaming birefringence. 

II. TRANSLATORY MOTION OF CHAIN MOLECULES IN 

SOLUTION 

a. External Dimensions of Statistically Formed Chain Molecules 

In order to describe the external shape of the statistically formed chain 
molecule we replace it by a chain made up of Nm preferential statistic'al 
chain elements of hydrodynamic length Am- It is assumed that each sta¬ 
tistical chain element has complete freedom of orientation, that is, the 
orientation of a given element will be uninfluenced and independent of the 
orientations of neighboring elements. In order that this model may have 
the same mean square end-to-end distance h and the same hydrodynamic* 
length L as the molecule (preferential values), the relationship: 

L = NmAm (4) 

must be fulfilled besides the following, now well-known, eejuation 

= NmAl = LAm (5) 

The distance h between the end points of the chain is at best equal to, 
but in most cases appreciably smaller than, the distance Hi representing the 
distance between the two points in the chain furthest apart in space. Let 
us demonstrate this by placing the chain molecule into a coordinate system 
sdeh that one end point is in the origin and the other in the z axis at the 
point z — h. It is then easily seen that there will be portions of the chain 
belonging in particular to that half whose end is in the origin, which will 
possess negative z coordinates, so that these points at any rate will be at a 
distance from the other end which is larger than h. The problem of de¬ 
termining the mean value of Hi (or more generally its distribution function) 
as well as the problem of finding the mean lateral extension H 2 of the coil 
has been treated some time ago^^ with the following result: 

Sx = L5X = = 1.4 (6) 

fTi = 0.5^1 = 0.75S = = 0.7iNj'^*A„ (7) 
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where is the mean lateral extension, that is, the simultaneous mean max¬ 
imum extension of the chain molecule in a direction perpendicular to Hi. 
In addition it was shown that the mean external dimension of the chain in a 
freely selected direction, e.g., the x direction (whereby the direction of the 
vector h is to be considered statisti(;ally random) can be expressed as fol- 
lows:^^*^® 

X == h = 0.92(^2)V2 ^ (8) 

Using the result of equation (8) we can, in rough approximation, compare 
the external shape of the loosely coiled chain molecule with that of a sphere 
of radius r such that: 

r = 1/2 = (9) 

Its volume then is: 

V = Va t {0A6yN’i‘Al, = (10) 

In better approximation we can account for the shape of the coil by means 
of a prolate ellipsoid of revolution whose large semiaxis is given by 

e = ff,/2 = 0.7(Ar,„)'/'^„ (11) 

and whose small semiaxis is: 

a = R^/2 = 0.35(A'„)'/^^,„ (12) 

The axial ratio of this body is (‘onseciuently given by: 

p = c/a = 2.0 (I2a) 

while the eccentri<nty e of the ellipse, defined by 



in this case will be: 

€2 = 0.75 ( 14 ) 

In an earlier paper of W. Kuhn^ the (!oil was described as a general ellipsoid 
with three axes of different length whose proportions were given by hiilhihz 
== 6 : 2 . 3 : 1 . 

b. Hydrodynamic Resistance of Nondraining Coil to Translatory 

Motion in a Fluid 

According to Stokes’ law the force necessary to transport a rigid (non¬ 
draining) sphere of radius r with velocity u — u through a fluid of viscosity 
71 is given by: 

F = 6w7jru (15) 

Consequently, if, as rough approximation, we replace the coiled chain 
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molecule by a nondraining sphere of radius r (given by equation 9) we can 
write: 

F = 6t,[0.46(7V„)'^M„]« = (16) 

Equating this with expression (2) and introducing equation (4) we obtain: 
m^m^^tranB “ 8.7l7(iVm) 

which transforms to: 

Kans = 8.7/(A^„)'/' (17) 

(statislically coiled nondraining chain molecule) 

We see, therefore, that the hydrodynamic behavior of a statistically 
coiled, nondraining chain molecule which undergoes translatory motion 
through a fluid can be described by expression (2) provided a form factor 
hrans Calculated from equation (17) is introduced. In this case, when sol¬ 
vent is completely immobilized between the coils of the molecule, XtraM is 
proportional to (Nm) while in the case of unhampered draining we have 
seen from equation (3) that it is constant, and therefore independent of the 
degree of polymerization. 

Instead of regarding the coiled chain as a sphere of radius r (equation 9), 
we can improve the approximation by assuming that it is an eUipsoid of 
revolution with semiaxes c and a according to equations (11) and (12). 
We shall see, however, that \tran» is then given by an expression which is 
practically identical with equation (17). 

If a prolate ellipsoid of revolution with semiaxes c and a is propelled by 
a force F\\ parallel to its longest axis (parallel to c) through a fluid of vis¬ 
cosity rj its velocity u\i can, according to Gans,^® be expressed by: 


“II 


1+6®, l+€ 

—— 

«* 1 —« 
16injc 


(18) 


If the motion takes place perpendicular to the c axis the corresponding 
velocity is given by 


Ux 



1 - 
2e» 


In 


1 + « 
1 - € 


16 in;c 


(18a) 


As a result of Brownian motion the ellipsoid will alter its orientation rela¬ 
tive to the direction of motion, so that during the course of a measurement 
we can say that the motion will only be parallel to the c axis for one-third 
of the time and be perpendicular to it for the remaining two-thirds. The 
mean velocity ii attained when a force F is applied will then, using equa¬ 
tions (18) and (18a), be given by: 


M 


“II + 2ux 

3 


F 



c 


L±J 

1 - c 


12infC 


(18b) 
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Transforming: 


F 


12injc« . 

•-- —u 


In 


1 + e 
1 - e 


(18c) 


and introducing for e and c their values from equations (14) and (11), re¬ 
spectively, we finally obtain: 

F = (18d) 

This is identical with equation (16) so that (compare equation 17) we 
again obtain: 

\,ran. = 8.7/(Arj'^‘ (17a) 

(iiondruiiiiiig coil, the coil regarded as ellipsoid) 

We can conclude, therefore, that whetiier we regard the coil as a non¬ 
draining sphere of mean radius JH/2 (equation 9) or as a nondrainiiig ellip¬ 
soid with semiaxes c and a (equations 11 and 12) the result obtained for the 
hydrodynamic resistance will, for practical purposes, be identical. Conse¬ 
quently the rate of sedimentation and the diffusion constant to be expected 
in these cases will also be th(‘ same. 

c. Hydrodynamic Resistance of a Freely Draining Coil to 
Translatory Motion in a Fluid 

To express the frictional resistance of a freely draining coil we could intro¬ 
duce into equation (2) the form factor: 

\rans = 37r/2 (completely drained coil) (19) 

from equation (3). This, as has been pointed out before, is, however, only 
an estimate which was made^® by comparing the hydrodynamic resistance 
of the “pearl necklace model” with the mean hydrodynamic resistance to 
translation of elongated ellipsoids of revolution in the fluid. 

A certain relinement of this treatment can now^ be attempted in the fol¬ 
lowing manner. 

We assume that each preferential statistical chain element possesses 
besides length Am also a thickness dn (the hydrodynamical thickness) such 
that in its motion through the fluid it will behave as though it were a very 
long stretched ellipsoid of revolution with semiaxes V 2 Am and V 2 d/»- We 
further assume that a statistical chain element wall be left uninfluenced 
in its hydrodynamic behavior by the remaining elements, and in particular 
by those two elements which are at either side of it. The force F which 
is necessary to move the entire chain through a fluid of viscosity rj with a 
certain velocity u will then simply be Nm times larger than the mean force 
required to propel the individual statistical chain element with the same 
velocity w. Taking means over the various orientations which the statis¬ 
tical chain elements can adopt with the direction of motion, that is, by a 
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suitable application of the result of equation (18c), we find that the force 
F on the total chain is given by: 


12ini 


F = Nr. 




I + [1 - idn/Amr]'/' 


In 


1 - [1 - (dn/AJ^f' 


( 20 ) 


When is much greater than d* this transforms to: 


3iniA„ . 
In (2Ajd,) “ 


( 21 ) 


Equating now with expression (2) and introducing tlie result of equation 
(4) wc finally obtain: 


X 


trans 


Stt 

In (2Am/dn) 


( 22 ) 


(completely drained coil, more exact estirnatt*) 

According to the above, \trans is basically determined by the ratio of 
length to thickness of the statistical chain element, although in a some¬ 
what insensitive manner, namely only by the logarithm of this ratio. 
When Amidh = 3.7, equation (22) would reduce to equation (19). 

But even the replacement of the approximation (19) by the more exact 
expression (22) does not really stand the test of critical investigation. This 
is due to the fact that the hydrodynamic behavior of the individual chain 
element is in reality not left uninfluenced by the presence of other chain 
elements in the vicinity and in particular by its two immediate neighbors. 
Consequently, all further refinements of the theory are really attempts to 
estimate the extent of this mutual interaction. 

In view of the difficulty of estimating theoretically the extent of the de¬ 
parture from the behavior of the freely draining coil, an experimental 
method was devised to obtain the value of the parameter \trans* This 
method, as will now be fully discussed, makes use of the hydrodynamic 
behavior of large-scale models of the molecule. 


dl Determination of the Hydrodynamic Resistance of Partially 
Draining Chain Molecules by Means of a Theorem of Hydrody¬ 
namic Similarity 

1. Formulation of the Theorem 

Let us consider the motion through a fluid of a body of any given shape. 
We shall assume that the walls of the container are so far removed from 
the site of the experiment that these distances are always large compared 
with the linear dimensions of the body. Furthermore we assume that the 
linear velocity u of the body is so small that forces resulting from an ac¬ 
celeration of the fluid particles can be neglected. 
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Under these conditions the parts of the fluid in immediate contact with 
the surface of the body acquire the velocity u while those at the (infinitely 
distant) walls of the container remain at rest. In this manner a velocity 
gradient q is set up in the fluid. If ri now is the viscosity of the fluid the 
mechanical energy transformed into heat as a result of internal friction can 
be expressed by the well-known relationship, dW/dl = q^rj ergs/cc./sec. 
The total quantity of work transformed into heat per second is then ob¬ 
tained by integrating over the entire volume, F, of the fluid in which the 
body is moving. 

Thus: 

dW/dt = fy q^ri dv (23) 

The given expression is only then strictly applicable when in the region 
considered the velocity vector of the moving fluid has the same direction in 
every point. How(;vcr, as was shown in reference 2, the results that follow 
from equation (23) are of unaltered validity when applied under any other 
conditions of viscous flow. 

If F is the force required to act on the body in order to maintain the veloc¬ 
ity M, it is obvious that: 

Fu = J\. q^rj dv (24) 

We now imagine that all linear dimensions of the test body are changed 
by a factor a, e.g,, magnified. We do the same with the velocity u and 
the dimensions of the container in wliich the fluid of viscosity rj is placed. 
In this way we can allocate to each point of our original system a corre¬ 
sponding point in our expanded system. This applies equally to the test 
body as also to points in the fluid. It will now become apparent that due 
to the simultaneous magnification of all linear dimensions and the velocity 
by the same factor the mean velocity gradient between test body and wall 
remains the same. As similarity has been acliieved at all points of the 
system we can in general conclude that the absolute value of the velocity gradi¬ 
ent remains the same at corresponding points, but that the magnitude of corre¬ 
sponding volume elements has been increcused by a®. If we label the quanti¬ 
ties belonging to the new expanded system with an apostrophe we have the 
following relationships: 

g' = g rj' — V dv' = a® dv u' = ua 
Instead of equation (24) we must now write: 

* F'ua = 4, q'W dv' = q'^W dv (25) 

Introducing equation (24) : 

F'ua = a® J*v q^V dv = a^Fu 

So that consequently: 

F' = a^F 
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Further by dividing this equation by u' ^ ua: 

F' F' a^F F 

_ ^ ^ ^ ^ (26) 
u ua ua u ^ ' 

According to the definition (2a) the following equation applies in the case 
of a statistically shaped chain molecule: 

F/U = vLXutran, (27) 

If, therefore, we have a chain molecule expanded by a factor a such that it 
forms a geometrically similar structure of length U = aL, we can, using 
equation (26), now write: 

F'/U' = Ci(F/u) = VOtLki^trans = vL'Ktrana (27a) 

Therefore, if we are able to determine the force F' necessary to drive 
the expanded model with a velocity u' through the fluid we can calculate 
from this the proportionality factor \i,traM (equation (2a)), that is, we can 
determine the degree of free draining. Furthermore, now that Xt^trans is 
known we can find the force F which is necessary to propel an actual mole¬ 
cule with any chosen velocity ii. We have in this case: 

F = Ifl^^Xi^rans (27b) 

We conclude that the factor Xi^trans which measm’es the extent of free 
draining of fluid through the coils of the submicroscopic chain molecules 
can be determined by means of experiments with large-scale models in 
view of the fact that the value of Xi^tram remains the same for geometrically 
similar shapes. 

2. Experimental Determination of Xtrana of Statistically Shaped 

Chain Molecules 

In order to determine the shape factor Xtrana for a chain molecule con¬ 
sisting of Nm statistical chain elements of length Am and of hydrodynamic 
thickness dn we can proceed as follows. We prepare a large-scale model of 
the statistically shaped chain molecule such that it consists of Nm elements 
of length A = aAm and thickness d *= adn using a material which has a 
density p. Placing this model into a fluid of density po we can measure the 
velocity u' with which it sinks. The volume of the macroscopic model is 
obviously equal to ^/d^NmA and the force which causes it to sink with 
velocity u' is given by: 

F' = ^ N^{p - po) ( 28 ) 

where g is the acceleration due to gravity. Remembering that L' = N^A 
we can introduce equation (28) in equation (27a) at the same time sub¬ 
stituting for u' the observed velocity of sinking. We thus obtain the di¬ 
mensionless resistance factor \t,tTmu From experiments on a number of 
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models we can obtain values for Xt^rans corresponding to different chance 
configurations of the molecule and their orientation to the direction of 
motion. By averaging over these, the mean shape factor \trans, which is 
seen to be a function of Nm and A/d = Am/dn is found. 

Preparation of the Large-Scale Models. I^articular care was taken 
in preparing the large-scale models that were to be used in the experiments. 
As these must have a statistical shape, any selection or aesthetic feeling 
on the part of the experimenter had to be eliminated. To do this a sphere 
was taken, and a dot marked on its surface. The line from the center to 
tlie dot on the surface then forms a vector whose direction will be truly 
statistical if the sphere is rolled along a random path on a level surface 
and suddenly airested. We can then obtain a statistical coil if we proceed 
to make the model consisting of elements in such a way that wq place 
the first eh'inent in the direction observed after the first “rolling” of the 
sphere and, retaining this orientation, place the second clement in the di¬ 
rection indicated by the second “rolling.” Kc^eping this direction fixed 
w e then roll the sphere for tlu' orientation of the third clement, so that pro- 
(ceding in this manner Nm times in all we shall have completed the model. 

Models made in this way which agree in the values of Nn„ A, and d will 
naturally possess the different external shapes that result from the statistical 
method adopted in their preparation. Consequently, for each group of 
Nrn, A, and d values as large a number of models as possible must be made, 
in the manner indicated above, in order that a good average can be ob¬ 
tained. Furthermore an average has to be taken over the possible orienta¬ 
tions in which each model can sink. 

Experimental Results. The results of experiments in which the ratio 
Am/dfi was equal to 1.9 are recorded in Figure 1, which show s the depend- 
eruje of Xijrans on the value of Nm, (Actually, l/X^jrans, «.e., the reciprocal 
of the shape factor Xt^irans, determined from the velocity of sinking ii\ is 
plotted against the square rcKit of the number of statistical chain elements 
in the molet^ule, i.e., against (A m) 

The large-scale models were made of pieces of aluminum w ire, 1 mm. in 
diameter and 1 to 25 cm. in length. The viscous fluid in wdiich the models 
were allowed to sink w as a concentrated invert sugar solution which had a 
viscosity of 63 poise at 20®C. It was contained in a glass vessel 30 cm. in 
diameter and 60 cm. tall which w as placed in a room where the temperature 
was thermostatically controlled to 20°C. 

For each value of Nm recorded in Figure 1, 6 to 10 models w ere con¬ 
structed. A mean value of 1/Xf,,r«7i.s, found for etudi individual model by 
averaging over the various orientations in w hich it was allowed to sink, is 
entered as one point in Figure 1. The reciprocal Xtram values wliich result 
as mean when the average is taken for each set of results for a given value 
of Nm are recorded as small circles. 

One sees from Figure 1 that models composed of the same number of 
statistical chain elements arc represented by points wdiich arc s(‘attered over 

relatively large interval, Le,, the values of i/Xtjrans for the various chance 
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configurations, having the same Nm value, differ widely among one another. 
The scatter is as much as 10 to 15% from the mean value. Thus, these 
mean values calculated from such individual results cannot, in turn, be 
very good. Nevertheless the points of Figure 1 show a distinct linear rela¬ 
tionship between \/\tran8 and 

In all the models to which Figure 1 refers the ratio of length to thickness 
of the statistical chain element, Am/A h, was equal to 1.9. Corresponding 
tests were also performed with models where the ratio Am /was equal to 
3.8, 7.6, and 15.2, respectively. It was shown that the resistance factor 
X<rfln« becomes markedly smaller as d* is decreased at constant Am and Nm> 



Fig, 1, Plot of l/Xrro«s against in a case where Am/dn =« 1.9, 

hrans is the shape factor defined by equation (2) and determined by the rate of 
sinking of large-scale models of molecules. Nm is the number of statical chain 
elements in the model. Dots: reciprocals of the \i,trana values of the various mod¬ 
els. Each point refers to one individual model and already represents a mean 
taken over the various orienttitionS. Circles: reciprocals of the \tTans values 
which are found when averaging^ over the values yielded by all models with com¬ 
mon Nm value. The positions of the mean values indicate that within the experi¬ 
mental error a linear relationship exists between l/X/r«n* and 


This result, namely that the resistance to flow of a coiled chain molecule 
whose shape and total length are specified will under all circumstances be¬ 
come smaller when the thickness of the chain is decreased, is of course only 
what one would expect. 

The linear relationship between l/\trans and {NmY"^* and the increase of 
with Am/du Can, with the accuracy obtainable at present, be repre¬ 
sented by the following formula: 

\/\iran8 = 0.16 log (^Am/dn) + 0.02 + 0 . 1 (Arjv. (29) 

3. Discussion of Equation (29) 

It is easily seen that the above empirical formula gives a satisfactory ac¬ 
count of the manner in which l/'Ktraru depends on the quantities Am^ d*, 
and Nmy (•e., there is evident agreement with our earlier conclusions. In 
the two limiting cases, when the number of chain elements, Nm, is either 
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very large or very small, we can, moreover, make direct compaiisons be¬ 
tween the new results and the theoretical values calculated earlier and, as 
will now be shown, semiquantitative agreement can be demonstrated. 

The Limiting Case of Very Small Values of Nm* In the event that 
Nm = 1, when only a single statistical chain element is being consid¬ 
ered, equation (29) can be written in the form: 

i/\tran. = 0.16 log (Am/dn) + 0.12 (30) 

Su(*h a molecule may be compared with an ellipsoid with axes in the 
ratio Am/dn and with resistan(*e factor Xuam given by expression (22). We 
need, th(‘refore only transform this latter equation to obtain: 

\/hranH = 0.24 log {AJdn) + 0.07 (30a) 

(from eciuatioii 22, in the case N-m = 1, the individual statistical chain 
element regarded as ellipsoid). 

1 /^Tnm as derived from equation (30) is somewhal smaller than the value 
obtained from (equation (30a), Le., the resistance fa(4or Xtrana is somewhat 
larger when calculated from equation (30) than when obtained from 
equation (22). T1 h‘ small discrepancy between equation (30) and (30a) 
is not surprising, sinc e an extrapolation of equation (29) to its value at 
= I is not r(‘ally justified. As, therefore, when Nm = 1 no great pre¬ 
cision can 1)(* expected from equation (29), we may conclude that satisfac¬ 
tory agr(*ement with ecjuation (22) lias been established in this region. 

If Sm is tliti number of riioiioincrs in each statistical chuia element we may still further 

discuss the case when the degree of polymerization Z is so small that Z ^ when 

= Z/sm ^1. We thus have a case when the chain molecule contains less than one 
statistical (‘hain eleiiient. In this case the chain molecule is not a statistical coil, but 
may be compared to a straight rod, or ellipsoid, of length Z6, where h is the hydrody¬ 
namic length of the monomer. The hydrodynamic thickness will continue to be dhy and 
we (!an represtmt l/Xtrans by substituting in equation (22). We obtain: 

2 303 . 2hZ 

— log ' (30b) 

Att dh 

(from equation 22 when Nm < 1. Zb ^c//,) 

The Limiting Case of Very Large Values of Nm* In the limit when 
Nm is very large we can, in comparison to the term containing Nm, always 
neglect the first two terms on the right-hand side of equation (29). The 
expression thus becomes: 

l/Kans = (31) 

(from equation 29 in the case when N^ is large) 

We have seen in section 1 that a coiled chain molecule can be regarded 
as nondraining when Nm is very large, and we have found that Xtrans iu this 
case can be represented, in fair approximation, by equation (17a). Writing 
this expression in the same form as equation (31) we obtain in satisfactory 
agreement with the above: 
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l/Kan, - ^ (31a> 

(from equation 17a in the case when is large) 

Therefore expression (29) reproduces just that which in the limit of large 
values of Nm one would expect on the basis of other facts and theoretical con¬ 
siderations. We may consequently conclude that also, in general, this 
formula will substantially represent the actual conditions. This applies 
even if further experiments may bring about changes in the numerical 
values of the coefficients or otherwise alter the present fonn of the expres¬ 
sion. 


Ill, DIFFUSION CONSTANT 


Once the resistance factor Xtrana is known we can immediately formulate 
an expression for the diffusion constant of the freely, partially, or nondrain¬ 
ing chain molecule. 

By means of equation (2) we can express the mobility m of a particle. 
It is defined as the velocity acquired by the particle when a force of 1 dyne 
is applied. Therefore 


M = 


1 




(32) 


As is well known the diffusion constant D and the mobility ii are connected 
by the relation: 


D = fikT (33) 

so that using equation (32) we immediately obtain: 

kT 

D - (33a) 

riLAiram 

If we now substitute for \trans from equation (29) and introduce equation 
(4), the result will be: 


D = 


kT 


vNmAr 


[o. 


02 + 0.16 log -- + 0.1(Af„)'/- 

Oh 


As: 


(34) 


= L-= Zb (34a) 

where Z is tlie degree of polymerization and b is the hydrodynamic length 
of the monomer, we can rewrite equation (34) and obtain: 


AT 1 r A / h \‘/* '/'"I 


Moreover: 


Z = M/M, 


(34c) 
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where M is the molecular weight of the whole chain molecule, and Mg is the 
molecular weight of the monomer, so that we can also write the above ex¬ 
pression for D in the following manner: 

® h H z +{jjfT 

In a polymer homologous series all the quantities occurring in equation 
(^34b), with the exception of Z, are constants, so that instead of (34b) we 
may write more simply 

D = ~[au + 6z,(Z)’/‘] (35) 

where we then have to put: 


kT 

a,, = — 1 
VO 

^0.02 + 0.16 log ^ 

(35a) 

bn = 

, kT / 1 

(35b) 


We see from expression (35), that when the degree of polymerization is 
low (freely draining coil), the diffusion constant will be proportional to 
1/Z, while, when the degree of polymerization is high, it will vary as 
(nondraining coil). 

If the degree of polymerization is so small that Z < Sm we can combine the results of 
e(]uatioiis (30h) and (33a) and obtain: 

^ 2 303 kT log (2bZld^) 

" = "IT ^ 

(in the case where Z < Smj hZ ^ dh) 



Fig. 2. Plot of DZ against (Z)’/* from measurements by Poison in 
the case of methylcellulose in water. 

D is the diffusion constant and Z is the degree of polymerization. The points 
lie almost on a straight line as was expected from equation (35). 
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Comparison with Experimental Findings 

To test the above formula against some experimental results we can use 
rate of diffusion measurements by Poison^ on methylcellulose in water. 
From his data we have plotted the quantity DZ against and it can 
be seen that the experimental points lie very nearly on a straight line in 
agreement with equation (35). From Figure 2 we find that: 

DZ = [1.1 + 0.26 (Z)^/*] X 10"^ 

For the case of methylcellulose in water we can consequently write that: 

aj, - 1.1 X lO-® Id = 0.26 X 10"® 

If we now put the viscosity of the solvent equal to 17 = 1.0 X 10 and the 
hydrodynamic length 6 of a methylcellulose monomer equal to 5.15 X 10“* 
cm., we find from equation (35b) that = 5 X 10“^ cm. Similarly 
from equation (35a) we find that d* = 8 X 10 ''® cm. This is obviously 
of the correct magnitude. For a detailed discussion see Section IV. 


IV. SEDIMENTATION CONSTANT 

The sedimentation constant of chain molecules is directly dependent on 
their mobility ^ (see equation 32) and their diffusion constant D (see equa¬ 
tion 33) and is therefore, fully determined once \trans is known. 

If M is the molecular weight of a chain molecule we see that the force 
acting on the individual particle in a gravitational field of acceleration g 
will be qM/Na dyne, where Na is Avogadro’s number. At the same time 
the volume occupied by a single chain molecule is given by MvpauJNA, 
where Vpan. is the partial specific solution volume of the solute. Let po 
again be the density of the solvent. Then, taking the buoyancy of the 
solvent into account, we can give the following accurate expression for the 
net force acting on the individual particle: 

M 

^ (I ~ Vpart. Po)g (37) 


Equating tliis with expression ( 2 ), and solving for the velocity of sedimen¬ 
tation, we find: 


u 


-1M n ^ 1 

(I Vpart.Pvg 

VD ^trans 


In the above we may put M = MgZ and L = 6 Z, where Mg is the molecular 
weight of the monomer and b is its hydrodynamic length, and obtain: 


u 


M,g 


(I 


^^part. Po) 


(38) 


In this equation we now introduce 1 /Xh.«„ from equation (29), so that the 



HAMPERED DRAINING IN MOTION OF COILED MOLECULES 535 


rate of sedimentation of a chain molecule of degree of polymerization Z 
will be given by: 


1S/Iq 1 "^part. PO 

Kb 


[ 0.02 + 0.16 log ^ (39) 


Seeing that M - MgZ we can also write this as: 


u = 


Mg 1 


“^part PO 


NJ> 


, [ 0.02 + 0.16 log ^ + 0.1 


(39a) 


Dividing equation (39) by the acceleration g and putting: 

u/g = So (40) 

where So is then the sedimentation constant (the rate of sedimentation in a 
gravitational field of 1 cm. sec.-^), we obtain as our final expression: 


where: 


flo — 


/?o = Us + bs{Z) 
1 Vpari Po 

NaI V L 

Mg 1 - Vpatt. PO 


02 + 0.16 log 


dj 


b, = 


Aa 6 


[-( 0 ] 


(41) 

(41a) 

(41b) 


From expression (39), or (41), we can deduce that the velocity of sedi¬ 
mentation, or the sedimentation constant, as the case may be, will be in¬ 
dependent of the degree of polymerization Z as long as Z is small (freely 
draining coil), but will vary with the square root of Z once high degrees of 
polymerization have been reached (uondraining coil). 



0 10 2X) 30 40 50 


Fig. 3. Plot of the sedimentation 
constant «09 against (Z)'/* from 
measurements of Mosimann on 
nitrocellulose in acetone. 



Fig. 4. Plot of the intrinsic sedi¬ 
mentation constant [si o against the 
square root of the degree of poly¬ 
merization (Z).'/* Taken from 
measurements by Kraemer and 
Nichols on cellulose acetate in ace¬ 
tone. 


Comparison with Experimental Findings* Figures 3 and 4 illus¬ 
trate the behavior of the sedimentation constant in some actual cases. As 
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can be seen the straight Kne law expected from equation (41) is observed 
when the sedimentation constant is plotted as ordinate against the square 
root of the degree of polymerization, i.c., against as abscissa. Fig¬ 
ure 3 illustrates the behavior of nitrocellulose in acetone, determined by 
Mosimann,^^ while Figure 4 represents the results obtained for cellulose 
acetate in acetone by Kraemer and Nichols.^* 

From Figine 3 we find that in the case of nitrocellulose in acetone: 

а, = 2.2 X 10-13 

б , - 0.58 X 10-13 

The other relevant data in this case are as follows: 

77 = 0.0030 poise (the viscosity of acetone at the temperature of the experiment). 
b *= 5.15 X 10“* cm. (the result of x-ray measurements of the hydrodynamic length of 
the nitrocellulose monomer.) 

Mg » 268 (approximately) (molecular weight of a monomer of the nitrocellulose con¬ 
sidered). 

»par«‘ = 0.51 (the value given by Mosimann for the partial specific volume of nitrocellu¬ 
lose in acetone), 
po = 0.79 (density of acetone). 

Using these figures we obtain from equation (41b) that = 44 X 10-® 
cm. With this result we can now calculate the hydrodynamic thickness of 
the chain and find: 


dh = 9.2 X 10 “3 cm. 

In quite similar fashion we find from the results of Kraerner and Nichols 
that in the case of cellulose acetate (Fig. 4): 

Am = 108 X 10-3 cm. and dn = 10.8 X 10-® cm. 

(Here the relevant data are as follows: Mg = 240; b = 5.15 X 10 -® cm.; 
and Vpart. = 0 . 68 .) 

In the paper of Kraemer and Nichols, as well as in Figure 4, the intrinsic sedimentation 
constant [«]o has been used instead of the constant so defined in equations (40) and (41). 
The intrinsic sedimentation constant Mo is related to by the following equation; 


1 Vpart. po 

It is seen that the factor connecting [ 5)0 with ^o becomes a constant in the case con¬ 
sidered here of a polymer homologous series tested in one solvent and at one tempera¬ 
ture. The linear relationship (evidenced by Fig. 4) which exists beWeen [»]o and 
(Z)*/* must therefore apply to sq and (Z)^/* as well. 

. In commenting on these results, we may mention that the value for Am 
in the case of cellulose acetate is in very good agreement with the value 
calculated for this substance in an earlier paper^ when using viscosity and 
streaming birefringence data. 

The results found for d^ on the basis of equations (41a) and (35a), re¬ 
spectively, are all of the same order of magnitude, i.e., about equal to the 
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actual thickness, of the corresponding chain as determined from molecu¬ 

lar structural data.* 

There is considerable doubt about the exact value of d, to be selected for 
comparison with d*. This arises from the circumstance that the molecular 
chain does not possess a uniform cross-sectional aspect from which d, 
could be uniquely determined. On the contrary some groups in the mono¬ 
mer are at much greater distam^es from the molecular axis than others, cor¬ 
responding to fluctuations in diameter. 

One method, by neglecting these fluctuations, leads to a lower limit for 
dg. Here the volume MgVpart^ occupied by each monomeric residue 
in the solution is regarded as being smoothed out to a cylinder of length h 
and thickness dg. It then easily follows that: 


dg = 



(lower limit) 


In the case of methylcellulose, b equals 5.15 X 10““® cm., Vpan. equals 0.72, 
and Mg equals 189; and therefore dg equals 7.4 X 10~® cm. In the cases 
of nitrocellulose and cellulose acetate considered above one fiirds similarly 
the values 7.5 X 10“®and8 X 10”® cm., respectively. 

Another reasonable approach takes account of the fact mentioned that 
ii may not be the average, but the maximum cross-sectional dimension 
wliich is the determining factor for the hydrodynamic resistance. Thus, 
using available data for the bond and van der Waals radii of the atorns 
composing the molecule wv can estimate the maximum distances from the 
chain axis. In the case of the substances considered above we obtain in 
this manner, by way of an upper limit, the values dg equal to 13 X 10”®, 
14 X lO"®, and 15 X 10“® (ni. for methylcellulose, nitrocellulose, and 
cellulose acetate, respectively. 

A comparison of these values of dg \a ith the values of d^ reported above 
shows that the results found for dn lie somewhere between these lower and 
upper limits for dg: 


d/^ in A. in A. 


MethylcelJiilose. 8 7.4 to 13 

Nitrocellulose... 9.2 7.5tol4 

Cellulose acetate. 10.8 8 to 15 


It must be mentioned, however, that in discussing the connection between 
dn and dg two further points require consideration: 

(f) The possibility arises that the chain molecules may become solvated 
with molecules of the solvent. This would tend to increase the value of 
d)i with respect to that of dg. 

(2) It should be remembered that in thickness the chain molecules are 
of the same size as the molecules of the solvent. This, as has actually been 
demonstrated by W, Kuhn, 2 ® tends to decrease the value of dn with respect 

* The following section was somewhat expanded during the translation of this article. 
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to that of ds. To show this, Kuhn compared the experimentally measured 
mobilities of approximately spherical molecules. He found, first that par¬ 
ticles which are smaller, or equal in size to the molecules of the solvent have 
a somewhat greater mobility than would be expected from Stokes’ law, 
and, secjond, that an asymptotic transition to Stokes’ law mobility takes 
place with increasing diameter of the solute particle. Thus the diffusion 
constant of small molecules, such as N 2 , O 2 , CO 2 and urea in water, is 
about one and a half times the value expected from their known diameter 
by means of Stokes’ law, while larger molecules such as glucose have a dif¬ 
fusion constant in agi'cement with hydrodynamics. In the case of chain 
molecules the fact that da and the diameter of the solvent molecules are of 
the same magnitude must be expected to produce a decrease of the hydro- 
dynamic resistance, and thus of d*, though to a very limited extent. 

We may conclude, therefore, that satisfactory agreement has been dem¬ 
onstrated between dn and d*. It would be futile to pursue the comparison 
without a great deal of further information. 

Note Added in Proof 

After this article was submitted for publication, papers by Kirkwood 
and Riseman^^ and Debye and Bucche^^ have appeared (oncerning the 
same subject. 

Kirkwood and Iliseman have found the same linear relationship, expres¬ 
sing So and DZ as a function of Z'^\ which we have reported above. Their 
result can, therefore, be expressed in equations which are similar to (35) 
and (41), i.e., in terms of the length Am of the preferential statisti(^al chain 
element, and of a friction factor, f, of the monomer unit, f is a parameter 
which corresponds to our hydrodynamic thickness d^- A comparison of 
Kirkwood and Riseman’s equations with ours leads to the following rela¬ 
tionships between their parameters (indicated by KR) and ours: 

(A,«)/C« = 3,9 Am 


0.02 + (U 6 log (A ,,/(/,) 

From the first of these equations it follows that, given the same experi¬ 
mental diffusion and sedimentation data, the length of the preferential 
statistical chain element will, using Kirkwood and Riseman’s treatment, 
turn out about four times larger than with ours. 

Values of the friction factor {* which are found by Kirkwood and Rise- 
man and also by Newman, Riscman, and Eirich^^ arc about ten times 
smaller than those expected on the basis of hydrodynamics. This result 
is therefore in some disagreement with ours, according to which rough 
agreement between dn and d, has been established, showing that hydro¬ 
dynamics can be used to describe the behavior of these molecules. It has 
however been pointed outthat the experimental results of these authors^^ 
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can be interpreted just as satisfactorily by using larger values of f which 
would be in agreement with hydrodynamics. 

Debye and Bueche’s treatment fails to account for the linear dependence 
of .^0 and DZ on mentioned above. Nevertheless, there is a rough 
agreement between their results and ours. The best agreement is found 
in the limiting case of complete immobilization. In that case we find from 
Debye and Bueche’s treatment that the tratislational resistance F equals 
[9.94^/(Nmy^^]'n^'^ ia good agreement with tlie results F = 

Lii which follows from equations (31) and (2). (A considerably different 
result is found from Kirkwood and Biseman’s treatment, namely, F = 
[5.1/(N.)‘'=]77Lt7.) 
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Resum^ 

La resistance aux mouvcinents de translation d’une pelote statistique est disculee 
en se basant sur des approximations differentes. I.ia theorie est developp6e pour deux 
cas limites, savoir celui d*une pelote impermeable pour le solvent et celui d*une pelote 
compieternent permeable. Dans le premier cas, la resistance de la pelote pent etre 
obtenue approxirnativernent en la comparant 4 uiie sphere (ou en rneilleure approxima¬ 
tion a iin ellipsoide) de dimensions correspondantes. Par contre, la pelote compiete- 
nient permeable est traitee en admettant que chaqiie element statistique de la chaine se 
comporte comine un ellipsoide de revolution allonge, et que la resistance hydrodynamique 
d*un element considere n’est pas influencee par les autres elements de la chaine. 

Dans le cas general, oil les molecules en chaine ne sont que partielleinent permeables 
|iour solvant, la resistance hydrodynamique est deterrninee experimentalernent en em- 
ployaiit des nujdeies a grande echelle et par application d’un theoreme de similitude 
hydrodynamique. Les modeies ont ete construits en ployant des fils statistiquement. 

Les forrnules empiriques, resultant de ces experiences, s’appliquent tons les degres 
de pelotage des inacromoiecules, depuis le cas limite de la pelote cornpietement perme¬ 
able (degre de polymerisation petit) jusqii’au cas de la pelote impermeable (degre de 
polymerisation <*xtremement grand). Dans ces cas limites, un bon accord est trouve 
avec les i-esultats d(*rives theoriquernent de la facon mentionee en haut. 

Des expressions pour les constantes de sedimentation et de diifusion des molecules 
eurouiees en p<dotes statistiques sont egalement donnees. Elies sont en accord avec 
les donnees experimeiitales. Ces resultats permettent de deduire les valeurs de la lon¬ 
gueur A,n ^t de FepaLsseur hydrodynamique c4 d’un element de la chaine. Les valeurs 
de di, ainsi obtennes sont en accord suffisant avec les valours de d,, de Tepaisseur inoyenne 
de la chaine, deduitc des donnees de la structure inoieculaire. Ceci inontre, que T- 
utilisation de rnodcles macroscopiques ainsi que Tapplication du principe de similitude 
hydrodynamique permettent une approche rationelle du comporternent des macro- 
molecules en solution, et la qualite des resultats ainsi obtenus prouve que Tapplication du 
principe de similitude a des particules d'aussi petites dimensions ne constitute pas une 
approximation irraisonablc. 


Zusain menfassung 

Den Translationswiderstand eines statistisch gekniiuelten Fadenmolekiils wird auf 
Grund verschiedener Nahenmgsverfaliren ermittclt. Die beiden Grenzfalle des un- 
durchspiilten und des gleichrnassig bespulten Knauels werden theoretisch behandelt. 
Fiir die modellmassige Betrachtung wird angenommen, dass sich ein undurchspultes 
Knauel hydrodynamisch so verbalt wie eine Kugel (bzw. bei verfeinerter Betrachtung 
wie ein Ellipsoid) entsprechender ausseren Abinessungen. Der Translationswiderstand 
eines gleichrnassig bespulten Fadens anderseits wird unter der Annahme berechnet, dass 
sich jedes der statistischen Vorzugselemente der Kette hydrodynamisch so verhalt wie 
ein langgestrecktes Rotationsellipsoid und dass der hydrodynarnische Widerstand eines 
herausgegrifTenen Elemenles von den Nachbarelementen nicht beeinflusst wird. 

Der hydrodynarnische Widerstand teilweise durchspiilter Knauel wird auf Grund von 
Translationsvcrsuchen mit makroskopischen Molekiilmodellen errnittelt unter Verwen- 
dung eines hydrodynamischen Aehnichkeitsprinzips. Die Modelle werden durch geeig- 
netes Biegen von Draht nach einem statistischen Verfahren hergestellt. 
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Auf Grund dieser Versuche ergibt sich eine empirisclie Beziehung f tir den Translations- 
widerstand, welche auf den gesamten Bereich, ausgehend vom Grenzfall gleichmassiger 
Bespiilung bis zum Grenzfall felilender Durchspiilung, anwendbar ist. Die Beziehung 
geht in diesen beiden Grenzfallen in Ausdriicke iiber, welche gut ubereinstiramen rait 
den Relationen, welche theorelisch in der oben angedeuteten Weise erhalten wurden. 

Auf Grund dieser fiir den hydrodynainischen Wid^rstand giiltigen Beziehungen lassen 
sich Ausdriicke fiir die Sedimentations- und DifTusionskonstante statistisch gekniiuelter 
Fadenmolekiile angeben. Sie werden an der Erfahrung bestatigt. Der Vergleich von 
Theorie und Experiment fuhrt zur Ermittlung von Werten fiir die Lange und die 
hydrodynamische Dicke des Vorzugselementes. Die so erhaltenen Werte fiir die 
hydrodynamische Fadendicke d* stimmen angeniihert iiberein init den aus molekular- 
strukturelleii Daten sich ergcbenden Werten fiir die wahre Fadendicke d,. Aus dieser 
Uebereinstiinmung geht hervor, dass die beschriebeneri Modellversuche verbunden mit 
dern hydrodynamischcn Aebnlichkeitsprinzip zu einer befriedigenden Deutung des 
Verhaltens von Fadenmolekiilen in Losung fiihren und dass eine Uebertragung des 
Aehnlichkeitspriiizips auf Teilchen dieser Dimension irn Rahmen der beschriebenen 
Naliening zulassig ist. 

Received December 1, 1947 
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Optische Anisotropie und Form von Fadenmolekiilen. 
I. Depolarisationsgrad der Lichtzerstreuung von 
Losungen mit Fadenmolekiilen 


H. A. STUART, llanrwver, uiid A. PETERLIN, Physikalisches Instiiiit der 
Universllal, Ljuhljana, 1 ugoslavia 


I. ALLGEMEINE VORAUSSETZUNGEN 

Wir zerlegen wie Ublicli das aus P inoiiomeren Resten bestehende Faden- 
rnolokul in Z voneinander unabhangige statisclie Fadenelemente der 
mitileren Lange A, die wie duroh Kugelgeleiike iniieinander verbunden 
unabhangig voneinander jcde bi^liebige Richtnng einnehmen kbnnen. 
Jedes Fadonelernent enthalt .<? = P/Z inonotiKTC Rest(5. Wir ordnen 
fenicr jedein Element die optiselu^n und elektrischen Ilauptpolarisier- 
barkeiten aou o'os bzw. aui, ao 2 , aoa sowic die rnittlere Polarisierbarkeit: 

ao = (aoi + a(V2 + «03)/3 

zii. 1st agr die niittlere Polarisierbarkeit des mononieren Restes (Grund- 
molekiils), so isl ao = sagr. Die Hauptpolarisierbarkeit sowie die optische 
Anisotropie des Fadenelements, definiert diircli: 

_ (aoi — «(,•>)" + (ao 2 — ocmY + («n3 ~ 

[«01 + «02 + ao 3 ]“ 

sind bei einein Fadeninolekiil in Lbsung oder in fliissigem Zustande wegen 
der Anisotropic* des inneren elektrischen Feldes nicht gleich den ent- 
sprechenden Werten fiir das freie Molekiil irn Darnpfzustande und grund- 
satzlich voin Lbsungsmittel sowie der Ordnung und Dichte der Lbsungs- 
niittelmolekule uin das Gelbste (orientierte Solvatation), d.h. auchvonder 
Ternperatur abhangig.^-f 

* Dor \oii den polarisierten irgendwie geordnelcn Ldsungsinittelrriolekiilen herriih- 
reiide Boitrag zuiii inneren Felde macht dieses anisotrop and bewirkt allgemein eine 
scheinbarc Abnahiiic der Polarisierbarkeit in Richtnng der Grdsscnausdehnung des 
Fadenolornents und quer dazu eine Vergrosseriing, d.h. moist eine Abnahrne der Aniso¬ 
tropie. Vergl. ctazii auch die folgende Arbeit, Anm. 2, sowie ctwa H. A. Stuart, Hand- 
und Jahrb. der chern. Physik, Bd. 10, III, Leipzig, 1939; Z. Ehktrochem,, 45, 180 (1938). 
Dazu koinint, dass sowohl die Grosse, wie die niittlere Lange A des Fadenelements 
grundsatzli(;h vorn Lbsungsmittel abhiingen und in einer Lbsung im allgemeinen grosser 
als im Dainpfe sind. Infolge dor mehr oder weniger anliegenden Lbsungsmittelmole- 
kiile ist die Kettc sperriger. Dor statistische Charakter des Aufbaues bleibt erhalten. 

t Der Inhalt diescr und der folgenden Arbeit W'urden erstmals irn Physikalischen 
Kolloquium der T. 11. Munchon im Juni 1944 vorgetragen (vergl. Ref. 2). 
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Aus diesem Grunde ist eine absolute Berechnung der optischen An- 
isotropie und des Depolarisationsgrades des molekular gestreuten Lichtes 
sowie jeder Art von Doppelbrechung aus dem Modell fiir Fadenmolekiile in 
Losung ebensowenig moglich wie eine entsprechende molekular-theoretische 
Berechnung dieser Grossen bei niedermolekularen Flussigkeiteii. Wohl 
aber kann man die Abhangigkeit dieser Grossen mit dern Polyraerisations- 
grade angeben, da diese von der Struktur des inneren Feldes unabhangig 
ist. 

Alle Ableitungen in dieser und der folgenden Arbeit gelteii nur fur den 
Fall, dass das Molekiil klein gegen die Wellenlange des errcgendoii Lichtes 
ist, genauer, dass fiir die grosste Molekiilabinessung d gilt d C X. 

Beziiglich der Formen eines Fadenmolekiils wollen wir von vornherein 
folgende Stufen unierscheiden: 

(f) Krdftefreier Fall. Sind die iimermolekularen Krafte von derselben 
Grosse wie die zwischeiimolekularcii^, so haben wir ein rein siatistisch, d.h. 
nach Wahrscheinlichkeitsgesetzen gebautes Knauel. Bei kiirzereii Ket- 
ten, wo jedes Fadenelement von Losungsmittelmolekiilen frei umgeben, 
bzw. solvatisiert ist, sprechen wir von der losen Fadenform (durchspiilter 
Faden nach Kuhn). Mit wachsender Kettenlangc treten riicklaufige 
Stiicke, Verschlingungen auf und infolge der gegenseitigen raumlichen 
Behinderung eine zunachst geringfiigige, meist vcrnachlassigbare Auf- 
w^eitung des Gebildes auf. Die Abw^eichungen von der rein zufalligen 
Richtungsverteilung der Fadenelemente werden sich dabei herausmitteln. 

(2) Bei langeren Ketten werden mehr und mehr Losungsmittehnolekiile 
umschlossen, immobilisiert, wir erhalten ein schwammartiges Knauel, das 
wir als Schwammknduel bezeichnen wollen. 

Auch hier bleibt die Zufallsstatistik erhalten (Kuhns undurchspulter 
Faden). Da si(^h dieses Gebilde in einem Stromungsfelde, aber nicht in 
einem Potentialfelde als Gauzes bew egt und einstellt, erhalten wir charak- 
teristische Unterschiede bei der Viskositat, Slromungsdoppelbrechung und 
bei der Sedimentation. Dagegen werden die dielektrisc;he Polarisation 
und wohl auch die dielektrischen Verluste nicht beeinflusst. 

(5) Knauel mil innerer Anziehung. Ueberwiegende innermolekulare 
Krafte fUhren zu einer inneren Vernetzung durch Haftpunkte und damit 
einer starkeren Ballung und Verdichtung. . 

Trotz der inneren Verfestigung ist der Fall denkbar, dass bei einem 
vollig versteiften starren Gebilde die Richtungsverteilung der Fadenele¬ 
mente Oder monomeren Reste im Mittel dieselbe ist wie bei einem krafte- 
freien Gebilde, die Richtungsstatistik also anwendbar bleibt. In diesem 
Falle wollen wir von einem idealen starren Knauel sprechen. Das in sich 
verfestigte Knauel wird sich wie das Schwammknauel im Stromungsfelde 
als-Ganzes einstellen, in einem Potentialfelde erst dann, wenn die Lange der 
Fadenelemente gross gegen die Abstande der Haftpunkte wird, d.h., wenn 
jede mikrobrownsche Bewegung aufhort, was an den Relaxationszeiten der 
DK und der elektrischen Doppelbrechung erkennbar ware. In diesem 
Grenzfalle wird allerdings auch der BegriflF des unabhangigen Fadenele- 
mentes sinnlos. 
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Bei alien Abweichuiigea von den Gesetzmassigkeiten fiir den losen 
Faden bzw. das ideale starre Knauel sind jedenfalls der Einfluss einer 
Aufweitung bzw. Verdichtung und derjenige einer durch innermolekulare 
Krafte modifizierten Richtungsverteilung der Fadenelemente getrennt zu 
diskutieren. Ausserdem ist zu priifen, ob nicht bei guter Solvatation das 
Molekul so versteift wird, dass s gegeniiber P so gross, Z also so klein wird, 
dass die iiblirhen statistischen Mittelwertsbildungen ihre Giiltigkeit ver- 
lieren.^ 

IL DEPOiJiRISATlONSGRAD BEI DER MOLEKULAREN 
LICfITZERSTREUUNG 

A. Theorie 

Der Einfachheit halber nehrnen wir fiir die Polarisierbarkeiten des 
Fadeneleinents Rotaiionssynunetrie an, also ao 2 = ao 3 * Die Allgeraein- 
giiltigkeit unserer Krgcibnisse wird dadurch nicht beeinflusst. aoi falle in 
die Richtung des Fadeneleinents, d.h. in die Verbindungslinie der End- 
punkte. Das j-ie Fadeneleinent bilde mit der z-Achse eines raumfesten 
Systems den Winkel 0^. Seine IVojektion auf dessen x-y-Ebene den Winkel 
<Pj. Das in der positiven y-Richtung einfallende, linearpolarisierte Licht, 
dessen Vektor in der z-Riehtung schwingen moge,/ = induziert dann im 
Element j ein Moment pj. Da wir das Molekul als klein gegen die Wellen- 
langc des erregenden Lichtes vorausgesetzt haben, konnen die Phasenun- 
terschiede des elektrischen Feldes in den einzelnen Elementen vernach- 
lassigt werden, so dass die im ganzen Molekul induzierten Momentkom- 
ponenten einfach die algebraische Summe der in den einzelnen Elementen 
erregte Momenten sind. Die Komponenten dieses Gesamtmomentes sind 
also durch die Gleichungen bestimmt: 

P» = S Pjv = («oi — ao 2 )/ 1] sin Oj cos Sj sin <pj 

p, = JIPjz ^ f Yi («oi cos2 Sj + ao 2 sin^ Oj) = / [ao + 

(aoi — Ofo 2 ) (cos* dj — Va) ] 

Die Intensitaten des in der y- und z-Richlung schwingenden Streulichtes 
erhalten wir durch Quadrieren und Mitteln iiber alle raumlichen Lagen der 
Fadenelemente,* alsof 

Jy = const. Jo(«oi — ao2)*(Z/15) 

( 2 ) 

Jz = const. + («oi — ao2)*(4Z/45)] 

* Die Mitteluug liber alle Orientieningen der Fadenelemente ist wegen der voraus- 
gesetzten volligen Uiiabhangigkeit der Richtungen identisch rnit der Mittelung liber 
alle Konligurationen des Molekiils und seine raumlichen Lagen. 

t Man sieht leicht ein, dass bei der Mittelung fiir Jy die gemischten Glieder aus 
Symmetriegriinden wegfallen, also lediglich Z Glieder der gleichen Form sin* B, cos* Bj 
sin* ipj * Vi8 iibrig bleiben. Bei Jt hat man es, je kleiner die Anisotropic (ooi — ao 2 ) ist, 
umso ausschliesslicher mit der mittleren Polarisierbarkeit des ganzen Molekuls a = 
Ztto zu tun. Daher wird die Intensitat vor allem durch das quadratische Glied bestimmt. 
Die weiteren in Z quadratischen Glieder heben sich weg. 
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wo Jo die Intensit*at des einfallenden Lichtes bedeutet. Damit erhalten 
wir fiir den Depolarisationsgrad bei linearpolarisiertem erregenden Licht 


Jy __ (gpi •— 0:02)^ _ 

Jz ISZao^ + Vs(oi01 — 0£o2)^ 


(3) 


Da zwischen A' und der mittleren optischen Anisotropic des Molekiils 
52 allgemein die Beziehung 


A' = 


10 + 4 ^ 


( 4 ) 


besteht, erlialt man fur den Werl^ 

s2 — ^(<^01 ~~ < ^ 02 )^ ^ _ 2(aoi ~ ao2)^ /^^ 

^(ocoi + 20 ^ 02 )^ ^ (oioi + 20 : 02 )^ 

Es ist also die mitllere oplische Anisotropie des gaiizen Molekiils gleich 
derjenigen des Fadenelements dividiert durch die Zahl der Elcinente. Sie 
nimint daher mit wachsendem Polymerisalionsgrade ab. Das ist einfach 
die Folge davon, dass mit wachsender Zahl der Fadenelemente, deren Rich- 
tungsverteilung immer gleichm*assiger, das Gebilde im Mittel damit 
optisch isotroper wird. Der Depolarisationsgrad A ftir iinpolarisiertes 
Licht bestimmt sich im gleichen Geltungsb'ereich zu 

A = _ (6) 

Jj “f* Jy 1 4“ -A^ 10 “f“ 

Wegen der Kleinheit von A und A' kann man fur ( 4 ) und ( 6 ) genahert 
schreiben 

A = A' = V1052 ( 7 ) 

Die mittlere oplische Anisotropie des Gesaintmolekiils ist definiert durch 


^ + (« 2 — + (« 3 ~~ Q^ l)^ 

+ «()•> + «03)^ 

Oil, oi2, 0:3 die Polarisierbarkeiten in Richtung der optischen HauptacJisen 
der betreffenden Molekiilform. Diese fallen im allgemeinen nicht mit 
den^ Polarisierbarkeiten \\ und i zur Verbindungslinie der Endpunkte 
zusammen. Man erhalt die Anisotropie 8^ als Mittelwert iiber alle Mole- 
klilformen einer bestimmten Lange mit nachfolgender Mittelung iiber alle 
Langen. Diese Mittelung ergibt im Einklang mit der obigcn Ableitung 

I 2 = 2(aoi - 
Z(aoi + 

Oder 

(ai ~ a2)® + («2 — olzY + (<^3 ~ ~ 2Z(aoi — ao2)* 

Die hier auftretenden quadratischen Mittelwerte sind nicht mit dem 
linearen Mittelwert zu verwechseln, der nach Kuhn und Griin* in erster 
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Naherung durch {ax — ay) == VsCaoi — ^02) gegeben, also unabhangig voin 
Polymerisationsgrade ist. 

B. Giiltigkeitsbereich der Theorie 

TJnsere Ableitung setzt voraus, dass die grosste Abrnessung des Mole- 
kiils 500 A. nicht wesentlich iiberschreitct, was bei Molekulargewichten bis 
zii einigeii Hunderttausend racist zutrifTt. In diesem Falle ist auch die 
Glcichung A = 2 A' giiltig. Ist diese also experimentell erfullt, so kann 
man sicher sein, dass die Molekiilabraessungen klein gegen die Wellen- 
lange des Licljtcs sind. Gleichung ( 5 ) ist auch unabhangig davon, wie 
vveit die Anisotropic des Fadenelemcnts auf einer Formanisotropie beruht, 
bzw. durch die Eig('iianisotropie der einzelnen Bindungen bedingt ist und 
scliliesslicli au(*h unabhangig vorn Losungsmittel. Dieses beeinflusst 
lediglich liber die Grbsse den Absolutwert des Depolarisationsgrades und 
zwar, wie cine Messung von Lotmarf*^ an Nitrocellulose in Aceton und 
Methylalkohol z<‘igt, r(‘( ht erheblich. Scliliesslicli gilt die Beziehimg A fesi 
1/P fiir jedes (lebilde, dessen Fadeiieleracnte nach Walirscheiiilichkcits- 
gesetzen liber alle Richtungen ^erteilt sind, unabhangig von dessen innerer 
Starrheit, also sowohl fiir den losen Faden wie fiir das Schwammknauel 
und ebenso fiir das in sich verfestigte ideale starre Knauel. Sobald durch 
die innerinolekularen Kiiifte die Richtungsverteilung der Elemente modi- 
fiziert \^ird, z.B. ^^enn durch eine innerniolekulare Faltung oder spiral- 
fdrinigen Aufbau eine Riclitung oder Ebene besonders ausgezeichnet oder 
durch Solvatalion das Gcbildc Ix^sonders stark gestre(*kt wird, kbnnen 
wir iiber den Zusarninenhang von A und P von vornherein nichls aussagen. 
Bei starker Verdichtung oder erheblicher innerer Vernetzung \ erliert der 
Begriff des Fadeiielementes niit einer charakterislischen Polarisierbarkeit 
und unabhangig(*n Eiiistellung und darnit auc h die Beziehung ( 5 ) ihren 
Sinn. 

Infolge der grundsatzlichen Abhangigkeit sowohl der Form wie der Ani¬ 
sotropic des Fadeneleinenls vom Lbsiingsrnittel kann man aus der Grbsse 
des Depolarisalionsgrades in \erscliiedenen Lbsungsrnilteln allein keine 
Schlusse auf die Forinvariation ziehen. 

Unsere ganze Betrachtung gilt natiirlich auch nur fiir eine hinreichend 
verdiinnte Lbsung, wo die Fadenniolekule vbllig unabhangig voneinander 
das Licht streuen. Sobald die Faden init wachsender Konzentration sich 
gegenseitig raehr und mehr durchdringen, w erden der Depolarisationsgrad 
ebenso wie die Intensitat des Streulichtes vom Molekulargewicht irnmer 
unabhangiger und gehen gegen einen Grenzwert. Man kann iin Sinnc der 
Schwankungstheorie sagen, dass es schliesslich nur noch auf die Zahl und 
Orientierung der Fadeneleraente bzw. monomeren Reste iin Voluraenele- 

t Fiir eiii Polyslyrol mit P = 5000, M = 520,000 wird die Lunge des gestreckten 
Molckiils 12,500 A. Der mittlere Abstand der Endpunkte h ist dagcgen fur ein statistisch 
geknicktes Gebilde mit ^ = 10 oder Z = 500, also Z < 25 A., gleich h — A {Zy^^ < 
550 A. 
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ment ankommt, gleichgiiltig ob diese sehr vielen oder nur ganz wenigen 
Molekiilen angehdren. 

C. Einfluss der Polydispersitiit’ 

Es seien die Zahlen pro com Ni, Ni, ... N„ der Anteile mit den Polymerisa- 
tionsgraden Pi, Pt ... gegeben. Dann gilt fiir die mittlere Anisotropie 

6^ = slsCZ WE NP^) 

bzw. fiir den umgekehrt aus A bestimmten mittleren Polymeriationsgrad 

P = (£, A^PVE W 

Ist die Verteilung der Molekulzahlen auf die einzelnen Polymeriationsgrade 
durch eine Gauss’sche Fehlerfunktion gegeben 

Po der haufigste Wert, B die Breite der Polydispersitat, so gilt:* 

* Iimerlialb des Bereiches Po -- + B befinden sich 84% aller Molekule. 

** “ Po(l + fiV2Po) 

1st die Verteilungsfunktion wieder eine Gauss’sche, jetzt aber in Volumen- 
konzentrationen ausgedriickt, also 

SO gilt einfach 

8 * = Sls/Po 

D. Vergleich mit der Erfahrung 

Fiir diesen Zweck stehen uns die Messungen von Lotmar an Methyl- 
und Nitrocellulosen zur Verfugung, die in Tabelle I zusammengestellt sind. 
Wie man sieht, sinkt der Depolarisationsgrad mit wachsendem Molekular- 
geyricht ab. Zwar sind die Produkte MA and MA' nicht konstant. 
Doch kann man diese Abweichungen auf die Polydispersitat der unter- 


TABELLEI 

DePOLARISATIONSGRADE von LoSUNOEN mit FADENMOIiEKULEN 


Stoff 

lOOA 

lOOA' 

M 

Ma 

MA' 

Methylzellulose in Wasser. 

. 1.5 

0.27 

18,500 

278 

50 


1.4 

0.41 

46,000 

645 

188 


0.53 

0.14 

98,000 

518 

137 

Nitrozellulose in Methylalkohol.... 

. 3.0 

1.5 

17,400 

52.2 

26.1 


3.0 

1.1 

24,200 

72.6 

26.6 


2.0 

0.58 

65,200 

130 

37.7 
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suchien Fraktioneii und die besonders bei kleinen Depolarisationsgraden 
sehr erheblichen Fehler schieben. Wie gross die letzteren vor allein 
wohl infolge von Staubgehaltes sind, erkennt man schon daraus, dass die 
bei kleinen Molekiilen (im Sinne der Bedingung d < (X/27rn) allgemein 
giiltige Beziehung A = 2A' fast nirgends erfullt ist. Bei einem Vergleicli 
mit der Erfahrung muss naturlich auch der Einfluss des Losungsmittels 
auf die Streiiung beriicksichligt werden. Da der Beitrag von Wasser, 
Methanol und Aceton sehr gering ist, kann in diesem Falle davon abgese- 
hen werden. 
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Zusa ni menfas su ng 

Es wird der De|)olarisationsgrad bei der molekiilaren Ijiciitzerstreiiung von statistisch 
gekni(’,klen Fadenmolekiilen in Abhiingigkcit vorn Polyinerisationsgrade berechnet und 
die Giiltigkeitsgrenzen der Theorie naher diskutiert. 

Resume 

I^ degre de de[)olarisalion dans la dilTusion mol^cuilaire de la lurniere des mul6cule3 
filamenteuscs enroulees siatistiqueinent a 6te calcule en fonction du degre de poly¬ 
merisation, et les lirnites de validite de la th6orie sont disculfe. 

Ueceived April 25, 1949 
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Optische Anisotropie und Form von Fadenmolekiilen. 
II. Kiinstliche Doppelbrechung 

H. A. STUART, Hannover, und A. PETERLIN, Physikaliscfies Institut der 
Urmersitdt, Ljubljana, Yugoslavia 


1. ALLGEMEINE VORAIISSETZUNGEN 

Das Molekiil selzen wir in erster Naherung als starr voraus, d.h. wir 
vernachlassigen die Deformation des Molekiils als Gauzes. Das bedeutet 
bei dcr elektrischen und rnagnetischen Doppelbrechung, wo das homogene 
aussere Feld keine ziehenden, sondern nur drehende Krafte ausubt, keine 
Einschrankung, wohl aber bei der Stromungsdoppelbrechung, siehe Abschn. 
C 4 . Im iibrigen gclten dieselben Voraussetzungen und Ilinweise wie in 
der vorhergehenden Arbeit I.' Die Anisotropie des inncrcn Feldes lassen 
wir wieder ausser acht. Zwar kann diese die Polarisierbarkeiten des 
Fadenelcmentes so beeinflussen, dass beim Uobcrgang von einem Losungs- 
mittel zum anderen ein Vorzeichenwechsel in aoi — «()2 und somit auch im 
Betrag der Doppelbrechung auftritt. 

Das iimerft Feld im Achsensystem des Fadenelcmentes sei durcli die Gleichungeii 
gegcbeii 

e 4- 2 f 4- 2 

= Z ■ - 20/1 1^2 = Fs = (1 4 - 0/2 

o 6 

Danii wild, wenii cvoi wnd die Polarisierharkoilen des Fadenelcfnents im freien Mole- 
kiil im Dami>fziisiande bedeuten, 

ocm. = aoi{l — 2/) of02 = 4- 1) 

Vgl. A. Peterlin nnd H. A. Stuart.^ 

Auf die Abhangigkeit der Doppcdbrechuiig voin Polyrneriationsgrad hat 
das innerc Fold aber keinen Einfluss. 


II. THEORIE DER ELEKTRISCHEN UND MAGNETISCIIEN 

DOPP ELBRECHUNG 

Die spezifischc clcktrisidic Doppelbrechung K^p definieren wir im An¬ 
schluss an friihere ArbeiteTr*^ als 


An _ A + 2Y fn^ + 2y 2t Aa 
“ c"nfl V 3 / \ 3n ) V r 


( 1 ) 


wo Cr die Volurnenkonzentration, V das Volumen des Fadenmolekiils und 
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Aa die mittlere Differenz der optischen Polarisierbarkeiten an und aj. 
des Einzelmolekiils parallel und senkrecht zur Feldrichtung / bedeutet, 
oder 


Aa = Sii — ax = (Aa)i + (Aa )2 


( 2 ) 


wo (Aa)i den Verschiebungs- und (Aa )2 den Dipolanteil bedeutet. 

Setzen wir das innere Feld Fals isotrop und als (e + 2)/3 / an und 
nehmen wir fur die Polarisierbarkeiten des Fadenelements der Einfachheit 
halber wiederum Rotationssymmetrie an, so ergibt die Durchrechnung*® 


; ; P («oi — ao2)(aoi — ao2) ^ 

(i.).--^5-z 


(Aa)2 


( “01 ~ 
" 15 


tAZ 


(3) 


IM) das elektrische Moment des Fadenelements. Wir erkennen daraus, dass 
die Beitrage zur Doppelbrechung pro Molekiil linear mit dem Polymerisa- 
tionsgrade ansteigen. Die spezifische Doppelbrechung wird dagegen von 
P unabhangig, namlicli 


K., = 


An 

Ctnf 


/« + 2\* /n’* + 2\2 Sir ... 


oder mit V = Z-Vd 


K. 


/* + 2y /n* + 2\* Sir _ 

- (-l“j K. <'■ + “’>• 


(5) 


WO ^01 und ^02 die Doppelbrechungsfaktoren der einzelnen Fadenelemente 
bedeuten. 

n ^ 2(aoi — «o 2 )(aoi — ao 2 ) . - _ 2(aoi — aia) 2 

" ” ‘ " 45*T ’ 


Fiihren wir die Reirkonstante B = ( An/\P) ein, so erhalten wir mit 


B 




Bei konstanter Konzentration, Nccm 2 = const, wird B und ebenso 
unabhangig vom Polymerisationsgrade und der Art der Polydispersitat. 

Entsprechende Formeln gelten fiir die magnetische Doppelbrechung, 
wobei nur die elektrostatischen Polarisierbarkeiten a^ durch die magne- 
tischen und das elektrische Moment mo durch das magnetische zu 
ersetzen ist. 


♦ Diese Ausdriicke entsprechen vdllig denen der Doppelbrechung fiir kleine Molekiile. 
Ist das Fadenelement optisch und elektrisch nicht mehr rotationssymmetrisch, so sind 
die Ausdriicke $i und $2 durch die allgemeineren, aus der Theorie des Kerr-Effekts fiir 
kleine Mblekiile bekannten Beziehungen zu ersetzen. 
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Die obigen Beziehungen gelten in dieser einfachen Form nur solange, als 
das Losungsmittel keinen wesentlichen Beitrag zur Doppelbrechung lie- 
fert. Sonst kommt noch ein entsprechend gebautes, von den Losungs- 
mittelmolekiilen herriihrcndes Glied B hinzu.® 

Da bei der Ableitung nur die ungeordnete Verieilung der Fadenelemente 
vorausgesetzt wird, gilt diese wie diejenige des Depolarisationsgrades fiir 
jedes Fadenmolekiil, dessen Elernente nach Zufallsgesetzen orientiert sind, 
also sowohl fiir den losen Faden wie fiir ein Schwamm- und ein ideales 
starres Kn*auel. 

Die Unabhangigkeit der spezifischen Doppelbrechung vom Polymerisa- 
tionsgrade kann man iibrigens bereits ohne jede Rechnung einsehen. Da 
sich jedes Fadenelement unabhangig von andern im Felde einstellt und 
somit unabhangig seinen Beitrag zur Doppelbrechung des Mediums liefert, 
wird die Doppelbrechung der Gesamtzahl der Fadenelemente direkt pro¬ 
portional unabhangig davon, ob sich diese auf einige wenige ganz lange 
Oder auf sehr viele kurze Molekiile verteilen. Dasselbe gilt auch fiir die 
Orientierungspolarisation Po ~ Da ausserdern allgemein Po 

A^ccmM^ 1st, der quadratische Mittelwert des Gesamtmomentes, folgt 
daraus sofort die bekannte Beziehung = Zjuo^. 

Waren die Fadenmolekiile starr und gestreckt, so wiirden sowohl das 
elektrische Moment, wie bei langeren Ketten—sobald namlich die Forman- 
isotropie ihren Grenzwert erreicht hat, vgl. Abschn. IV—die Differenz der 
Polarisierbarkeiten langs und quer zur Kette linear mit Z ansteigen. Es 
wiirde also in diesem Falle eines starren Stabchens das Dipolglied der 
spezifischen Doppelbrechung quadratisch, das Anisotropieglied dagegen 
linear mit dera Polymerisationsgrade verlaufen. 

Da zwischen der elektrischen Doppelbrechung und der optischen. Aniso¬ 
tropic der Molekiile allgemein die Beziehung An besteht, 

folgt bei statistisch gebauten Molekiilen aus der Konstanz von An bei 
festgehaltener Konzentration, Nccm Z = const, unmittelbar die bei der 
Lichtzerstreuung in AI abgeleitete Abnahme der optischen Anisotropic 
mit dem Polymerisationsgrade, namlich 

si = ^ L ^ 1 (8) 

iVccm«* Z P 

Fiir die gestreckte starre Form wiirde wegen des mit P linearen Anstieges 
des Anisotropiebeitrages zu An die optische Anisotropic 6^ P/A^ccm 
also konstant werden. 

III. THEORIE DER STROMUNGSDOPPELBRECHUNG®® 

Wir beschranken utis auf den zweidimensionalen Fall und weiterhin auf 
so kleine Geschwindigkeitsgefalle q, dass wir die Deformation des Molekiils 
durch die abwechselnd dehnend und stauchend wirkenden hydrodynam- 
ischen Krafte vernachlassigen konnen. In diesem Sinne konnen wir das 
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Molekul als “starr”* bebandeln, d.h. als ein Gebilde, das aus vollig unge- 
ordnet aneinander gereihten Elementen aufgebaut, diirch die Stroraung 
nicht merklich deformiert wird. 

Es sind also wesentlich dieselben Voraussetzungen, unter denen Huggins^ die Stau- 
dingersche lineare Viskositatsbeziehung abgeleilet hat. IJnsere Betrachtungsweise der 
Bewegung des “starren” Molekiils ist der seinerzeit von Huggins gewahl ten ahniich. 

Im linearen Slromungsfelde ist die Gesehwiiidigkeit der Stroinung gege- 
ben durch 

= 0 Vy = qx (9) 

Auf das Element y wirkt die hydrodynamische Reibungskraft Kj = re* 

rei die Relativgeschwindigkeit. Den Widerstandkoeflizienten X des 
Elements betrachten wir zur Vermeidung zusatzlicher unsicherer Annah- 
men als Unbekannte. Die hydrodynamische Wechselwirkung vernach- 
lassigen wir, was einigermassen zulassig ist. Es sind ja die Stromungen am 
Ort beider Molekiilhalften entgegengesetzt, so dass sich z.B. ihre Wirkun- 
gen auf den Molekiilmittelpunkt gerade aufheben. Das starrc Molekul 
macht die Translation und Rotation der Stromung soweit wie moglich 
mit, sodass die Resultante aller Krafte Kj und ihrer Momente Mj in 
jedem Augenblick verschwindet, also 

ZKj = 0 (10) 

UMi = 'ZiXjKjy - y,K,^) = 0 

beiden Bedingungen wird durch den Ansatz 

Vjx = Vox - Vjy « VQy + 03Xj (11) 

fur die Gesehwiiidigkeit Vj des y-ten Elements geiiugt, wo die Trans¬ 
lation und 0 ) die Rotation des starren Molekiils bedeuten. Da wir es mit 
einer reinen Drehung zu tun haben, muss (11) der Bedingung t’y = 0 
geniigen. Damit erhalten wir fur die Drehgeschwindigkeit 

-( 12 ) 

mit den weiteren Abkiirzungen 

[r*] = [X*] + n [y*] = Ey* - 

Wir fiihren nun ein molekiilfestes System x\y\ in dem der Anfang des 
Molekiils in den Koordinatenursprung, sein Endpunkt in die positive a:'- 
Achse fallt. Die a?'-Achse bilde mit der .r-Achse den Winkel (p, Dann 
folgt fiir w 

ca = = (q/2){l + /3o cos 2^ -f- 270 sin 2<p) (13) 

* Bereits durch die grosse Packungsdichte der uingebenden Molekiile wird die Dif- 
fusionsgeschwindigkeit der Fadenelemente und damit auch ihre Formanderungsge- 
schwindigkeit soweit herabgesetzt, dass das Molekul z.B. geniiber kurzperiodigen Kraften 
sich wie ein starrer Korper verhalt, Darauf beruht z.B. die Depolymerisation von 
Polystyrolen im Gebiet massiger Geleigenschaften durch Ultraschall. 
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mit den fur jedes cinzelne Molekiil konstanten Koelfizienten 

[r»] [r»] 

. = = Tl (14) 

Ir^i [r^] 

Der Orieiitierung in dcr Stromung, wie sie durch die ungleicliinassige 
Drehung des Molekiils bediiigt ist, wirkt mm die Brownsche Bewegung 
entgegen, als dercn Mass die Botationsdiffusionskonstante 

j. RT ^ RT 

” W \rj[r^] 

auftritt. W das Widerstandsrnoment, W = Verteilungs- 

funktioii F(<^) ergibt sicli bekantlich aiis der Forderung, dass die raurniiche 
Verteilung stationar ist, zu 

<pF = const. = (15) 

dip Itt 

Fiir ijberwiegende Brownsche Bewegung kann man F in eine Reihe nach 
steigenden Potenzen von q entwickeln 


.S'»|[r=](27 s 


J -|- ^{0 sin “f" 27 cos 2(p) -1- 


r 2](27 sin 2(p — 0 cos 2ip) + 0y sin iip 


02 _ ^y2 


eos iip 


K ■] 


mil der Al)kurzun£] 


Es ist bezeichnend, dass die Rotationsdiffusionskonstante im liuearen 
Gliede, das fur den Anfangswert der Doppelbrechung massgebend ist, 
explizit nicht mehr auftritt. 

Schliesst das Element j rait der Verbindungslinie der Molekiilendpunkte 
den Winkel eiii, so erlialt man in iiblicher Weise fiir den Ausloschwinkel 
X und die Dopperbrechung Aa- 

TT S ‘ 


(Z — 2 Y. cos^ e'j) [r*] + .. .^ + 2 5] sin e' cos e^'(7[r®] + • • •) 
{Z — 2 Y cos* + • • • ^ — 2 23 sin cos 6j{y + ...) 
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Aa = (aoi ““ cx{a)S 




2 23 cos* Oj) ~ — 2 sin cos y\ + 


( 19 ) 


Wir erkeniien, dass fiir kleines q bezw. stark uberwiegende Brownsche 
Bewegung der Ausloschwinkel 45° betriigt und dass die Doppelbrechung 
sowie die Abweichung vom 45°-Winkel q proportional sind. Bei der 
Berechnuiig der Mittelwerte ist zu beachten, dass das^ittel 2] sin cos By 
aus Symmetriegriinden verschwindet,* wahrend {Z — 2^ cos* gleich 
V 4 ist. Ferner sind & sowie [r*] von der Grossenordnung 23^y = S'*? == 
« % Z*A* Die spezifische Maxwellsche Konstante ist nach fniheren 
Arbeiten® definiert als 


M,p = lim 


Art \ _ /n* + 2Y 2jr Aa 
^CTUfn) \ 3rt / F qri 


( 20 ) 


V das Volumen des Molekiils. Wir erhalten daher 




^ (g pi — am) 

, 3n ) 16kT 


\Z^A^ 


( 21 ) 


Oder wemi wir das Volumeii des Fadeiielemeiits Fo = V/Z einfiihren 


M,p = Cj 


VF_+ _2Y (gpi — a oa) 
. 3n '/ kT ’ 


2^ 

Fp 


4* 

— P = KoP 


( 22 ) 


Fur den Ausloschwinkel bezw. die Orientierungszahl x — ergibt sich 


( x - (^r/4) \ 

K qv / 


q —>0 


l6kT 


= C, ~ ^ P* = (23) 

kl 


Die Stromungsdoppelberechung ist also dein Polymerisationsgrade 
direkt und die Abweichung vom 45°-Winkel dem Quadrate von P propor¬ 
tional, wie das auch experimentell von Signer und Gross® sowie Wissler^ bei 
polymerhomologen Reihen gefunden worden ist. Die Konstanten C sind 
allgemeiner Art und unabhangig von* der Molekiilart und vom Losungs- 
mittel solange nur die Molekiilformen durch die Zufallsgesetze fiir grosse 
Zahlen bestimmt werden. In diesem Falle beeinflusst das Losungsmittel 
nur die Steifheit der Kette, d.h. die Grossen A und s sowie vor allem die 
Anisotropic (aoi — ^ 02 ), wo es sogar zu einem Yorzeichenwechsel kommen 
kann. 


IV. BEMERKUNGEN ZUR BESTIMMUNG DER FORM 

Die Frage der Makroform, d.h. ob ein in alien drei Dimensionen grosses 
Molekul, ein sog. Kornmolekul oder ein Fadenmolekul, d.h. etwa ein 
globulares oder fibrillares Proteinmolekiil vorliegt, lasst sich mit Hilfe 

* Jeder Molekulform entspricht eine spi^elbildlich gleiche, 
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von Messungen der kiinstlichen Doppelberechung eiitscheideii. Ferner 
gewinnt man, vor allem durch Kombination mit anderen Untersuchungen, 
insbesondere von solchen der spezifischen Viskositat, und Sedimentations- 
geschwindigkeit Aussagen iiber die Verzweiguiig sowie iiber den Bau des 
statistischen Fadeiielemenls, d.h. iiber die Mikroform des Molekiils. 

A. Makroform 

1st die spezifische elekt-rische Doppelberechung A,p innerhalb einer homo- 
logeii Reihe uiiabhangig voni Polymerisatioiisgrade, so liegt ein statistisch 
gebautes Fadeinnolekul vor. Bei einer starren Stabchenforrn erhalten 
wir bei unpolaren Molekiilen einen linearen, bei polarcn einen qiiadratischen 
Anstieg von mit P. Im Falle eines Kornmolekiils, desseii Form durch 
ein Ellipsoid approximiert werden kann, wild bei gleichbleibender Form, 
d.h. bei einern konstanten Achsenverbaltnis p, K^p proportional dem 
Volumen und damit auch P.^ 

Bei der Stromungsdoppelbrechung linden wir bei statistisch gebauten 
Fadenmoleklilcn fiir den Bclrag der spezifischen Doppelbrechung einen 
linearen und fiir die Oricntierungszahl x “■ (^/4) einen quadratischen 
Anstieg mit P. Bei einem starren Stabchen erhalt man fiir beide Mess- 
grossen genahert einen Anstieg mit der dritten Potenz. Kornmolekiile 
mit konstantem p wiirden in beiden Fallen einc lineare Zunahrne ergeben. 

Fiir die Stabchenforin iibersteigen infolge des besonders starken An- 
stieges mit P schon bei Polyrnerisationsgraden von wenigen hundert die 
Werte fiir An die fiir eiiie statistische Fadenform giiltigen bereits um 4-5 
Grossenordiiungen, so wird fiir ein Polystyrol von P = 330 die fiir die 
starre Stabchenforin abgesc^hatzte spezifische Doppelbrechung etwa 
100,000 mal grosser als die beobachtete. Da extrem grosse An-Werte 
bisher nicht gefunden worden sind, ist der Grenzfall eines durch innermole- 
kulare Krafte hochst versteiften gestreckten Fadenmolekiils offenbar nie 
oder nur hochst selten verwirklicht. 

Hat man in dcr angedeuteten Weisc ein Kornmolekiil festgestellt, so 
kann man, wie wir in friiheren Arbeiten gezeigt haben,** ® durch geeignete 
Kombinationen von Messgrossen der kiinstlichen Doppelbrechung und der 
spezifischen Viskositat die Form des Molekiils sowie seine Eigen- und 
Formanisotropie getreimt bestimmen. 

B. Yerzweigungen 

Sowohl die elektrische und rnagnetische, wie die Stromungsdoppel- 
brechung sind dcr optischen Anisotropic des Fadenelements 8l bzw. (aoi — 
ao 2 ) proportional. Diese ist aber, wie der eine von uns in friiheren Arbeiten 
gezeigt hat,^® ein unmittelbares Abbild der geometrischen Form. Wie 
empfindlich die optische Anisotropic bzw. die elektrische Doppelbrechung 
gegen Formanderungen durch Yerzweigungen ist, moge Tabelle 1 zeigen, 
in der die von dem einen von uns an syiithetischen isomeren Oktanen 
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gemesseiien Werte zusammengestellt sind.* Wie man sieht, gehen die 
geometrische Form und die Kerr-Konstante, also auch die optische Sym- 
metrie vollig parallel. Es gibt keine physikallische Konstante, die gegen 
Verzweigungen von unpolaren Molekiilen so empfindlich ist, mit Ausnahme 
wohl der Stromungsdoppelbrechung, und der Viskositat, fiir die aber 
sehr wenige diesbezugliche Messungen vorliegen. 

Sind im Molekiil noch Doppelbindungen odcr Benzolringe eingebaut, so muss bei 
Schlussen auf die Form deren besonderer Beitrag zur Anisotropic (grosse Eigenaniso- 
tropie) beriicksichtigt werden. Die Richtung grosster Polarisierbarkeit kann ineist auf 
Grund der Beobachtung an kleinen Molekiilen von vornherein angegeben werden 
Ausserdern ist die Abhangigkeit vom Lbsungsrnittel zu beaclitcn. 


TABELLE 1 

Kerr-Effekt der Isomeren des Oktans CgHis. 


fi-Oktan. 

.... 80 

3-Methylheptaii .. 

6.5 

3,4-Dimethylhexaii 

5.5 

2,5-Dimethylhexan. 

5.4 

2,3-Dimethylhexan.. 

. .. 5.8 

2,2,4-Trimethylpentaii. 

5 6 

2,2,3-Trimethylpentan. 

5.9 

3-Metliyl-3-Aethylpentau 

4.7 


Zur Uiitersuchung von Verzweigungen eigiien sich praktiscli nur Mess- 
grossen, die vom Polymerisationsgrade und der meist unbekannten Poly- 
dispersitat unabhangig sind, was fur die elektrisclic Doppelbrechung un- 
mittelbar zutrifft. Betrachten wir eine Kette mil so zahlreichen, statis- 
tisch Oder regelmassig eingebauten Seitengruppeii oder -ketten, dass 
jedes Fadenelement mindestens eine Verzweigung enthalt, sich daher in 
seinem Aufbau und charakteristischen Konstanten vom Fadenelement der 
unverzweigten Kette unterscheidet. Der Einbau einer Verzweigung be- 
deutet bei konstantem P eine Verkiirzung dcr Hauptkette und darnit eine 
Verkleinerung von Z. Es gilt jetzt nicht mehr Z = P/s, sondern Z < 
P/s.) Dazu kommt die Vergrdsserung von s als Folge der Versteifung 
durch die Seitengruppen, was eine zusatzliche Verkleinerung von Z ergibt 
Beide Effekte fiihren also zu einer erheblichen Verkleinerung von 
Dazu kommt noch der Einfluss der Verzweigung auf die optische Aniso¬ 
tropic des Elements. Soweit nicht Doppelbindungen oder Benzolringe 
vorhanden sind, wird das verzweigtere Gebilde auch dasjenige mit der 
geringeren Anisotropie sein. In diesem Falle ist also das Produkt mit der 
kleineren el. Doppelbrechung eindeutig das verzweigtere—es ist von 
praktischer Bedeutung, dass dabei der Polymerisationsgrad nicht bekannt 

* Unveroffentlichte Messungen von H. A. Stuart und Mitarbeitern an synthetischen 
ParafiOneh, die ims von der Bataafschen Petroleum M. A. Amsterdam zur Verfugung 
gestellt warden. Aus Kriegsgriinden konnten die Messungen nicht zu Ende gefiihrt 
werden. 
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zu sein braucht. In anderen Fallen muss man zur Diskussion noch die 
Erfahrungen bei kleinen Molekiilen heranziehen. 

Zweckmassiger ist es, noch andere Messgrossen heran zu ziehen, wie 
z.B. eine Kombination der spez. Maxwellschen Konstanten und der 
Viskositatszahl. Fiir die letztere konnen wir nach der hydrodynamischen 
Theorie fiir statistisch geknitjktc Fadenmolekiile schreiben:®® 

riJc, = C^^~P ( 24 ) 

Ko S 


Cl wiederum eine vom Losungsmittel und der Molekulart unabhangige 
Konstante. Die fiir das IVIakromolekul charakteristischen Konstanten 
stecken in den zunachst unbekannten Kenngrossen dcs Fadenelements, 
wie s. A, (aoi — « 02 ) und X, die alle vom Losungsmittel und vom Verzwei- 
gungsgrade abliangen. Bilden wir nun das Verhaltnis Msp/irjsp/Ziv) so 
fallen alle IJnbekannten bis auf (aoi — ao 2 ) heraus, so dass wir beim Ver- 
gleich zweier Substanzeii unmittelbar das Produkt mit der kleineren Aniso¬ 
tropic erkennen konnen. Zielit man noch die elektris(;he Doppelbrechung 
hinzu, so kiinnen wir weitcrhin, da ja jetzt das Verhaltnis der Anisotropiecn 
bekaniit ist, mivh die Substanz mit der kleineren Z-Zahl bezw. dem gros- 
seren s, die ja eindeutig die verzweigtere ist, bestimmen. 

Wiilirend die obigc Kombination vom Polymerisationsgrad und der 
l^olydispersitat unabhangig ist, sind andere Kombinationen, wie das 
Verhaltnis Msp/[{x *“ praktisch nur dann brauchbar, wenn die 

Einheitli(!hkeit der Produkte geniigend gewahrleistet ist. 

Ist P bekannt, so kann man aus dem Ausloschwinkel oder einfacher aus 
der spez. Viskositiit einen Schluss auf die Verzweigung ziehen, Man geht 
dabei zweckmiissig von folgenden Gleichungen aus: 


TJsp CiA^yj.„iXo^oLj 


- (7r/4) 
qrj 


= Q 


Xq/Io 


( 25 ) 


hi das mittlere Langenciuadrat, L„,ax die Lange der gestreckten Kette, 
Xo der WiderstandskoefRzient bezogen auf die Langeneinheit des mono- 
meren Restes, b dessen Lange. Wird z.B. die Zahl der Hauptkettenglieder 
durch eine Verzweigung auf die Ilalftc reduziert, so werden hi und 
halb so gross, also auf ein Viertel des urspriinglichen Wertes erniedrigt. 
Das ist allerdings die unterer Greuze der V^erkleinerung, da durch die 
Seitenketteii das Molekiil versteift, also hi vergrossert wird, cbeiiso wird 
auch Xo bezw. X^r zunelirnen. Wir konnen daher sagen, dass die Abnahme 
der Hauptkettengliederzahl durch Verzweigung mindcstens mit der Wurzel 
aus dem Verhaltnis der spez. Viskositiiten geht, bezw. der Orientierungs- 
zahlcn, vorausgesetzt, dass auch die verzweigte Kette noch so viele stati- 
stische Elernente aufweist, dass die obigen Gleichungen giiltig bleiben. 


* Es ist fi(f = ZA^ — A^P/s, X{« = y^gr/h\ Xgr — der Widerstandskooflizient dcs inoiio- 
meren Restes definierl/durch \gr = \/s. 
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C. Mikroform 

Zu einer genaueren Untersuchuiig der Mikroform eines Fadenmolekiils, 
d.h. des Aufbaues des statistischen Fadenelementes in Abhangigkeit vom 
sterischen Bau, den innermolekularen Kraften und von Losungsmittel 
reichen die obigeo Beziehungen (22)-(24) nicht aus. Zwar liessen sich 
die Konstanten Q durch erhohteii Rechenaufwand genauer bestimmen, 
doch treten ja die Unbekannten X, s und A stets in derselbeii Kombination 
auf. Man ist also auf weitere Messgrossen angewiesen. In erster Linie 
kommt dabei die Sedimentationsgeschwindigkeit ii in Frage, fur die nach 
Hermans die allgemeine Beziehung u = B + C(P)*^* gilt. Dabei ist B == 
K s K b{s) 

und C = ;r —— wo K die treibende Kraft pro Molekiil und b = 
P 7i\ P ri\ ^ 

const. (X/i4) cine vorlaufig nur abschatzbare Konstante bedeutet. 

Ohne zusatzliche Annahmen erhalt man also aus Messungen von u in 
Abhangigkeit von P zunaclist nur die Grossen s/\ und weiter den auf das 
Grundmolekiil bezogenen Widcrstaridskoeffizienten \gr = X/,s\ Aus der 
Gleichung fiir den Auslosohwinkel oder die Viskositat folgt dann die 
Grosse A^/s, d.h. der auf das Grundmolekiil reduzierte Mittelwert des 
Langenquadrates des F'adenelemeiits, also ein Mass fiir die Mikroknduelung. 
Mittels der Gleichung hi = {P/s)A^ folgt dann weiter das mittlere Langen- 
quadrat des ganzen Molekiils und schliesslich aus dem Betrag der Strom- 
ungsdoppelbrechung die optische Anisotropic des Fadenclcments. Die 
Grosse 5^ erhalt man unmittelbar aus einer Messung der elektrischen 
Doppelbrechung. Unbekaiirit bleibt nur die Zahl der Glieder pro Faden- 
element, die ohnchin nicht scharf zu definieren ist. 

Systematische Messungen der genannten und anderer Erscheinungen in 
Abhangigkeit vom Lrisungsmittel und fiir vcrs(dnedene Hochpolymere 
wiirden wertvolle Aufschliisse liber den Feinbau von Fadenmolekiilen 
liefern. Ebenso ware es nutzlich durch Messungen an den Anfangsgliedern 
homologer Reihen den allmahlichen Aufbau der Fadenelernente und den 
Uebergang zum statistischen Fadenmolekiil zu verfolgen. Diesbezugliche 
Untersuchungen waren wahrend des Krieges in Dresden vorbereitet, sie 
konnten nicht mehr durchgefiihrt werden. 

Hermans^' hat zuerst darauf hingewiesen, dass man bei der Bercchnimg der Sedi- 
mentationsgeschwiiidigkeit unbedingt die hydrodynamische Wechselwirkung bertick- 
sichtigen muss und unter bestimmten Modellannahmen auch die Konstanten B und C 
abgeschiitzt. Wir wollen hier aber umgekehrt ohne zusatzliche hyx>othetische Annah¬ 
men unmittelbar aus den Beobachtungen die Konstanten des Fadenelements ableiten. 
Dazu gehen wir von der Gleichung aus: u * (Ao/»?X)(l -f b\/P/s), who Kq die trei¬ 
bende Kraft pro Fadenelement Ko/rjX also die Geschwindigkeit des isolierten Elements 
ware. (Ko/ii\)b{Z) ist die durch die hydrodynamische Wechselwirkung der Z Faden- 
elemente hervorgerufene zusatzliche Geschwindigkeit. Ganz ohne Modellannahmen 
ist b nicht berechenbar. Hermans erhalt b «« (6/ir)^/*(a/A) wahrend wir durch eine 
genauere DurchfUhrung der Statistik b = (8/3)(6/ir)’/®(a/i4) iinden, dabei ist A die 
mittlere Lemge des Fadenelements, und a der hydrodynamische Radius des Elements 
definiert durch X « 6iro. 
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V. DIE FORM VON PARAFFINMOLEKULEN 
IM DAMPFZUSTANDE 

Um einmal direkt experimentell und moglichst hypothesenfrei die Frage 
zu beantworten, sind Fadenmolekiile freie, z.B. gesattigte unverzweigte 
Kohlenwasserstoffketten im Dampfzustande gestreckt oder geknauelt» 
haben wir die elektrische Doppelbrechung der normalen Paraffine im 
Dampfzustande bis zum Dodekan gemessenf und aus der Kerrkonstante 
K = {rip — n^/nE^ mittels der fiir dipollose Molekiile gultigen Beziehung 

jr ^ 37rA/c c mQ?^(ytco ~ 1) 

hkT{n. - 1) 

die optische Anisotropic berechnel. 

Die Messuugen crfolgten mit der schon friiher beschriebenen Versuchs- 
anordung in einer starkwandigen Glasapparatur aus Duranglas mit ange- 
schlosscnein heizbaren Quarzspiralmanometer. Um eine grossere Doppel¬ 
brechung zu erhalten wurden die niederen Kohlenwasserstoffe bei Drucken 
bis zu 7 atrn, die holieren bis zu Temperaluren von 275*^0. gemessen. 



Ahhililung 1 


Diesen experimentell bestimmen Anisotropien haben wir die nach der 
Kontinuumstheoric* und zwar fiir die gestreckte Zickzackform berec'hneten 
Werte gegeniibergestellt. Ersetzen wir die Form des gestreckten Mole- 
kiils durch ein Uotationsellipsoid, dessen Achsen gleich der Lange und 
Dicke der Kette und dessen Polarisierbarkeit gleich der des Molekiils ist, 
so erhalten wir fiir die Forrnanisotropie die in Abb. 1 dargestellte Kurve.^- 
Man erkennt daraus, dass die Formanisotropie ihren Grenzwert von 

t Messungen von Stuart, Schiesszl und Lehmann. 

* Irn Gegensatz zur Fliissigkeit bestehen im Darnpfe, wo die umgebenden Molekiile 
soweit entfernt sind, dass wir als umgebendes Medium das Vakuuru aiisetzen koimen 
keine Bedenken gegen die Anwendung der Kontinuumstheorie. 
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= 0.115 erst etwa beim CboHio 2 , d.h. bei einem Achsenverhaltnis von 
etwa /) == 15 erreicht. Unsere Werte sind aber schon vom Hexan ab kon- 
stant. Der geringe Anstieg beim Dodekan ist wohl auf die verhaltnis- 
massig hohe Messtemperatur von 275° zuriickzufuhren, da mit wachsender 
Temperatur die Molekiile merklich weniger geknault sein diirften als bei 
tiefen Temperaturen, wo wegen der Anziehungsenergie beaachbarter CH 2 - 
Gruppen geballtere Formen bevorzugt sind.^* Man sieht ferner, dass die 
beobachteten Anisotropien, 8^ ^ 0.025, durchweg viel kleiner als die 
berechneten sind.** 

Diese beiden Tatsaclien bewciseii eindeutig, dass die normalen Paraffine 
im Dampfzustande nicht gcstreckt sind. Sie konnen aber auch keine 
dichtgeballte kugelige Form besitzen, da sonst die Anisotropic viel kleiner, 
naralich von der Grosse der beim Zyklohexan, 8^ = 0.008, oder beim 2,2,4- 
Trimethylpentan, 8^ = 0.015, gefundenen sein iniisste. Berechnet man 
fiir Athan die Formanisotropie mit dem sicher schon zu grossen Achsen¬ 
verhaltnis p = 1.63, so ergibl sich 8- = 0.01, d.h. innerhalb der Unsicher- 
heit der Rechnung eine viel gcringere Anisotropic als die in 8^ = 0.023 
beobachtete. Es heben sich also offenbar die Eigenanisotropieen der 
C—H— iind C—C—Bindung nicht auf. Beachten wir diese sicher vor- 
handene, ihrer Grosse nach aber nur ungefahr bekannte Eigen-Anisotropie, 
so werden unsere obigen Folgerungen noch rnehr erhartet. 

Cber den Einfluss dcs Bindungstypus auf die Eigen-Anisotropie vergl. H. A. Stuart, 
uiid J. von Schiesszl, Ann. d. Phys., 2, 322 (1948), sowie H. A. Stuart und A. Fink 
unveroffenlliche Messungen. 

Der Beitrag der Eigen-Anisotropie zur Gesamtanisotropie, der hei eincr geslreckten 
Molekulform konstant blciben, bei zunehrnender Knaulung abnehrnen wurd(‘, l)eein- 
fluBSt den allgemeinen Verlauf der Kurve, insiwjstmderc den Wert dtT Gliederzahl, fiir 
den praktisch Sattigung eintritt, njir wenig. 

Schlussfolgerung 

Das Losungsmittel beeinflusst alle charakteristischen Konstauten des 
statistis(4ien Fadenelements, wie die Zahl der monomeren Reste, die Mikro- 
knauelung, den hydrodynamischen Widerstandskoeffizienten, die optische 
Anisotropic und das elektriche Moment. Dariiber hinaus kann durch die 
inner- und zwischenmolekularen Krafte das Molekiil im Innern so geordnet, 
«.B. geballt, vernetzt oder auch so gestreckt werden, dass cs den Charakter 
eines statistisch ungeordneten Gebildes verliert. Diese Umstande, sowie 
die haufigen Unsicherheiten beziiglich der Polydispersitat bezw. der Ver- 
zweigung zeigen, wie vorsichtig man bei alien Schliissen auf die Form sein 
sollte, wenn man nur eine einzige Messgrbsse, sei es in Abhangigkeit vom 
Polymerisationsgrade, sei es vom Losungsmittel als Unterlage hat. Die 

** Das Ellipsoid ergibt, besonders bei denhoheren Gliedern, eine grossere Anisotropie 
als der eutsprechende, die llaumerfullung des Mokekitls besser darstellende Zylinder 
der Lange 2ai und des Durchmessers 2a2. Wahlen wir daher ein wesentlich geringeres 
und sicher zu kleines Achsenverhaltnis, z.B. heim Dodekan p » 3 statt 4, 2ai » 17.4 
und 2a2 = 2a3 =* 4.3, so wird 5* = 0,043, bleibt also immer noch viel grosser, als der 
beobachtete Wert. 
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Theorie hat uns jedoch so viele Methoden geliefert, dass es nur der 
notigen Kritik bei ihrer Ariwendung: bedarf, um Erfolg zu haben. 
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Zuaainnienfassung 

Es werden die Beziehungcn flir die elektrischc, magnetische und die Stromungs- 
doppelbrechuug von Fadenrnolokiilen in LiJsung in Abhiingigkeit vorn Polymerisations- 
grade angegcben. Ferner werdon einige Moglichkciten die Makro- und die Mikroforra 
eines hoclipolymeren Molckiils zu bestimmen und Verzweigungen zu erkenncn, bespro- 
chen. Schliesslich wird durch Messungen der elektrischen DoppelI)rechung am Dampf 
nachgewiesen, dass Paraflinketten lose Knauel bilden. 

Resume 

Les auteurs indiquent les relations, existant entre la birefringence electrkjue, mag* 
netique et la birefringence d’ecoulement des solutions de macromolecules linOaires avec 
le degre de polymerisation. Quelques pussibilites de determiner la “macro- ct micro-” 
-forme d*unc molecule de haut polyinere, et d’identifier les ramifications sont discutOes. 
Finalement, les auteurs demontrent quo les cliaines parafiniques constituent une pelote 
ISche, par des mesures de birefringence electrique sur les vapeurs. 
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Crystallinity of Precipitated Cellulose 


P. H. HERMANS and A. WEIDINGER,* Institute for Cellulose Re- 
search, AKU and Affiliated Companies, Utrecht, Netherlands 


INTRODUCTION 

Previously we have reported that intensity measurements on monochro¬ 
matic x-ray exposures of cellulose fibers lead to the conclusion that in the 
majority of rayons (with either low or high orientation) the crystalline 
fraction seems to be constant within experimental error, amounting to 
about 40%.^ 

True, it has been emphasized that differences exist in the degree of lateral 
order according to the 101 or 002 planes in various rayons, the former show¬ 
ing marked variation. Hence the concept “crystallinity” as derived from 
measurements of total crystalline x-ray intensity should be handled criti- 
(’ally.2 

Later it has been shown that, upon acid hydrolysis at lOO^^C., the crystal¬ 
line frac’tion in rayon is rapidly iiuTeased to about 50%, to remain con¬ 
stant at prolonged treatment with boiling acid.^ 

Recently the same (Conclusion was reai^hed by Howsmon,"' who also 
stressed the general parallelism that seems to exist between crystallinity 
and sorptive capacity for water vapor (also emphasized earlier by one of 
us.® This author correctly points out that, on a number of grounds, strict 
parallelism, however, cannot be exp(*cted. 

The enhanced crystallinity upon acid hydrolysis can be explained by 
release of strain as a result of the cutting of chains in the amorphous re¬ 
gions, the stiain being introduced previously at the process of random 
crystallization when the fiber is produced from the (*ellulose solution. 

Since the process of coagulation as used in the production of various 
rayons is not t(X) different in various products, the ( onstfuicy of the crystal¬ 
line fraction is perhaps compr(‘hensible. Drastic changes in the conditions 
of coagulation, however, should then be expected to yield different results. 

It was therefore decided to investigate the products obtained by pre¬ 
cipitating very dilute viscose solutions by acid. The “precipitated cellu¬ 
loses” so obtained, when investigated with x-rays using the same technique 
previously applied, actually do exhibit a somewhat higher degree of crystal¬ 
linity than the majority of rayons. 

* Communication No. 63 from the Institute for Cellulose Research of the AKU and 
affiliated Companies, Utrecht, Netherlands. 
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EXPERIMENTS 

Ordinary viscose containing 8% cellulose and 6% total alkali (ammonium 
chloride number 6.8) was diluted with water to 20 times its original volume. 
This solution was precipitated with acid under continuous stirring in four 
different ways: 

A. 200 ml. of the solution was diluted to 1 liter and 25 ml. of 1 iV acetic acid was 
added dropwise in 15 mm. Then a solution of 250 mg. sodium chloride was added and 
stirring continued for 5 min. A very finely disperse precipitate was formed and allowed 
to settle overnight. It was collected by repeated decantations and finally by centrifuga¬ 
tion. Then it was sucked off on hard filter paper until a pasty consistency was reached. 
The paste (which proved to be free of chlorine ions) was spread out on a glass plate and 
allowed to dry in circulating air. It was then obtained in the form of flakes. 

B. The same operation was followed except that the moist product was heated in 
water on the water bath for 10 min. before the last centrifugation. 

C. 200 ml. of the 1.20 viscose dilution was mixed with 550 ml. water and precipitated 
at room temperature by adding 250 ml. 0.1 iV hydrochloric acid in 15 min. Collection of 
precipitate as under A. 

D. The same operation as under C, except that the solution was heated to 90 °C. be¬ 
fore precipitation with hydrochloric acid. Brief recapitulation is given in Table I. 
Upon x-ray examination the dried flakes showed preferred orientation of the 101 planes. 
In order to get isotropic samples, they were powdered and then pressed into tablets of 
about 1 mm. thickness, which now appeared to be isotropic. 

TABLE I 

Mode of Preparation of Precipitates 


Treatment 

Precipitation before 

Sample Acid used temperature drying Drying 

A. Acetic Cold None Cold 

B. Acetic Cold Heated Cold 

C. Hydrochloric Cold None Cold 

D. Hydrochloric Hot None Cold 


The quantitative x-ray work was carried out as previously described^ 
and the results expressed in terms of standard conditions of primary radia¬ 
tion and standard amount of irradiated cellulose (as determined by ab¬ 
sorption measurements). 

TABLE II 

Results of X-Ray Measurements 


Sample 

1,0, 

for 


lOOx 

A. 

4.50 

1.27 

0 51 

45 

B. 

4.25 

1.36 

0.47 

48 

C. 

4.40 

1 30 

0.51 

45 

D. 

4.40 

1.51 

0 46 

53 

Rayon. 

4.40 

1.10 

0.56 

39 


In Table II the total radiation diffracted Itou the radiation diffracted by 
the crystalline portion I cry and the height of the maximum of the diffuse 
background Am are listed together with the crystallinity percentage 
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(lOOx), where ar = crystalline fraction as derived therefrom. The average 
figures found for ordinary rayons are added for comparison. 

The half width of the 002 lines of the precipitated samples was invariably 
3.1 mm. as against 3.4 in the common rayons under identical conditions of 
exposure. That of the 101 lines was 1.5-1.6 mm., which lies on the sharp 
side of the variability range which various rayons show (1.5-2.4 mm.). 

Moisture uptake was determined for samples A and B. Contrary to 
expectation the figures were within the normal range for regenerated cellu¬ 
lose, namely, 13.5% and 13.9% at 65% relative humidity (upon absorp¬ 
tion). Various rayons and model filaments give 13.5-14.6% under identical 
conditions. 


DISCUSSION 

The x-ray results show that the crystallinity of the various objects in¬ 
creases in the order: rayon, cold precipitated, cold precipitated and heated 
before drying, hot precipitated cellulose. 

The figures from Table II fit the straight line of our standard crystallin¬ 
ity nomogram® quite well, as shown in Figure 1. In this figure we have also 
indicated the observations for two spec imens of particular rayons, Fortisan 
(Celanese Corp.) and Fiber G (Du Pont), whi(*h are distinguished by unu- 



Fig. 1. Precipitated celluloses (A, B, C 9 and D) plotted 
in the crystallinity nomogram. Scale along oblique line 
indicates percentage crystallinity. Crosses: calibration 
points derived from measurements on rayons and native 
fibers, respectively. 


sual high crystallinity. (In an earlier paper® we reported observations on 
Fortisan which lie rather off the line for reasons not yet clear. Repeated 
measurements on a newly obtained sample yielded the point plotted in 
Figure 1.) 
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If sorptive capacity were univocaily associated with the amount of non> 
crystalline fraction, the sorption of samples A and B should have been 
markedly lower than that of ordinary rayon (as it actually is in Fortisan 
rayon and Fiber G, whose equilibrium moisture content upon absorption 
amounts to 11.5% and 12%). That this has not been observed is another 
illustration of the correctness of Howsmon’s considerations^ to which we 
may refer. 

Nevertheless, the experiments show that the degree of crystallinity of 
regenerated cellulose as derived from x-ray measurements may show an 
increase upon drastic variations of the conditions of precipitation. As 
previously shown this cannot be reached by stretching of either swollen or 
dry fibers.*’’ 

It is a pleasure to acknowledge the assistance of Mr. H. J. H. Scheers in the experi¬ 
ments. The x-ray work was carried out by one of us (W.) in the Physical Laboratory 
of the Technical University, Delft. 
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Resume 

La cellulose precipit6e d’une viscose tr^s dilute par addition d’acide manifeste uu 
degr6 de cristallinit^ croissante, par comparaison k une viscose rayonne ordinaire. 
L’effet est faible si la precipitation est effectii^e a temperature de chambre, mais esi 
considerable k la temperature d’ebullition. La teneur la plus 61ev6e attcint 53%, contre 
40% fKiur la rayonne. 


Zusammenfassuiig 

* Cellulose, die aus einer sehr verdiinnten Viskose durch Sauren ausgefallt wird, zeigt 
einen erhohten Kristallisationsgrad in Vergleich zu gewohnlicher Viskose-Kunstseide. 
Die Wirkung ist klein, wenn das Ausfallen bei Zimrnertemperatur ausgefiihrt wird und 
erheblich bei Siedetemperatur. Die hiichste Zahl, die erreicht wurde, war 53%, ver- 
glichen mit 40% bei Kunstseide. 

Received July 5, 1949 
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Studies of Retarders and Inhibitors in the Emulsion 
Polymerization of Styrene. II. Inhibitors* 


F. A. BOVEYt and I. M. KOLTHOFF, School of Chemistry, University of 

Minnesota 


la a previous paper,^ w e fiave described the behavior of typical retarders, 
m-dinitrobenzene and 3,5-dinitrobeiizoic acid, in the emulsion polymeriza¬ 
tion of styrene. A retarder is defined as a substance which does not cause 
an induction period in a polymerization reaction, but which gives rise to a 
retardation throughout the entire reaction. An ideal inhibitor is defined 
as a substaiK^e w Inch gives a well-defined induction period during which no 
noticeable polymerization occurs and after which the rate is the same as in 
the absence of the inhibitor. An inhibitor is used up quantitatively during 
the indiK^tion period, whereas the (consumption of a retarder during the 
polymerization is, as a rule, small, and the cont entration may be consid¬ 
ered to remain nearly constant. 

The behavior of inhibitors and retarders in the bulk polymerization of 
styrene and a few other monomers has been studied by several investiga¬ 
tors, and these studies have been summarized in a recent review^ in which 
a general description of the action of inhibitors and retarders is given. It 
appears (see also the more recent work of Breitenbach ei al.^) that the dis¬ 
tinction betw ceil retarders and inhibitors, although important from a prac¬ 
tical view point, is probably in essence one of degree rather than kind. In* 
hibitors react very rapidly with monomer radicals to produce adduct radi¬ 
cals which have a very small reactivity or none toward the monomer. 
Retarders genei ally react less rapidly with the monomer radicals, producing 
adduct radicals w Inch may or may not be capable of carrying on the chain 
at a reduced rate. The essential mechanism of the action of both is the 
same. 

Oxygen appears to behave like a typical inhibitor in the emulsion poly¬ 
merization of styrene, as it produces a well-defined induction period, during 
which the oxygen is entirely consumed. Close investigation,^ however, 
reveals that tlie oxygen actually copolymerizes with the styrene to produce 
a polymeric styrene peroxide. Oxygen is thus not to be regarded as an ideal 

* Contribution from the School of Chemistry of the University of Minnesota. This 
investigation was carried out under the sponsorship of the Office of Rubber Reserve, 
Reconstruction Finance Corporation, in connection with the Synthetic Rubber Program 
of the United States Government. 

t Present address: Minnesota Mining and Manufacturing Co., St. Paul, Minn. 
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inhibitor. No other studies of inliibiting substances in emulsion poly¬ 
merization appear to have been made. It is the object of this paper to 
present some studies of the reactions of certain quinones whose behavior in 
the emulsion polymerization of styrene approaches in varying degrees that 
of an ideal inhibitor. 

EXPERIMENTAL TECHNIQUE 
Materials 

The styrene, water, dodecylamine hydrochloride, and potassium persulfate 
used have been described in a previous paper. ^ 

p-Benzoquinone. A stockroom sample was purified by sublimation. The 
melting point of the sublimed product was 115° (Lit.: 115.7°). 

ChloraniL Eastman White Label chloranil was employed. 

Potassium 9,10~phenanlhrenequinone-3-sulfonate, A sample of tliis ma¬ 
terial was kindly supplied by Dr. L. Michaelis of the Rockefeller Institute 
for Medical Research. 

All reagents employed were of analytical reagent grade. 


Polymerization Technique 

The polymerizations were carried out in screw-cap bottles of 130 ml. 
capacity, sealed with pierced caps containing Buna-N self-sealing gaskets, 
and rotated end-over-end at about 35 r.p.ra. in a thermostat. The bottles 
were sampled with hypodermic syringes, and monomer conversions were 
determined in the manner previously described.^ 

The polymerization recipe is that employed in the previous study,^ and 
will be presented again here for convenience: styrene 35.6 g. (39.3 ml. at 
25°), designated as 100 parts; water, 65.7 ml., or 185 parts; emulsifier, 
1.78 g. or 5 parts, based on the styrene. This quantity of emulsifier is 
designated as IX, and other quantities as fractions or multiples thereof. 
Potassium persulfate, 0.107 g. or 0.3 part, based on the styrene. This 
quantity of persulfate is designated as 1X and other quantities as fractions 
or multiples thereof. The potassium persulfate was added as a solution in 
water. For IX persulfate, 15.7 ml. of a 0.68% solution was added to each 
bottle. 

p-Benzoquinoiie and potassium 9, lO-phenanthrenequinone-3-sulfonate 
were added to the charges as water solutions. Chloranil was added as a 
solution in styrene. 

The same precautions against the presence of oxygen were taken as in the 
previous study. Since the exclusion of oxygen is not complete, short and 
well-defined induction periods due to traces of residual oxygen were ob¬ 
served. As will be mentioned below, corrections were made for these induc¬ 
tion periods in determining the lengths of those caused by the quinones. 
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Analytical Methods 

Quinones. The determination of quinones was carried out with a manual 
polarograph. Details are given in the next section. 

Chlorine, Analysis of polymers for chlorine was carried out by fusion 
of an approximately 0.2 g. sample of the polymer with sodium peroxide, 
using a Parr bomb. Ignition was initiated by a small electrically heated 
iron fuse wire. In order to ignite the cliarg(^s it is necessary to mix about 
1 g. of a 50:50 mixture of sucrose and potassium nitrate into the charge, 
and to arrange the fuse wire so that it dips into a small quantity of this 
mixture on top of the charge. 

After fusion, the cont ents ol‘ the bomb are dissolved in water with heating. 
The alkaline solution is boiled for a short time, with the addition of 1 ml. 
of a 0.01 M solution of osmium tetroxide to decompose the peroxide. The 
solution is then filtered to remove ferric hydroxide, made acid by cautious 
addition of nitric acid, and diluted to 250 or 500 ml. From this solution, 
aliquots are (hen removed and titrated for chloride arnperometrically with 
0.01 M silver nitrate in the presence of a small amount of gelatin, as de¬ 
scribed by Laitinen, Jennings, and Parks.^ 

EXPERIMENTAL RESULTS 

Effect of p-Benzoquinone. In an effort to extend the results obtained with 
oxygen in the (‘inulsion f)olym(‘rization of styrene with fatty acid soaps,® 
the use of/>-benzo([uinone and hydroquinone as inhibitors was attempted. 
It was found, Jiowever, that in such alkaline recipes, amounts of these sub¬ 
stances comparable on a molar basis to the amounts of oxygen used in the 
earlier work had no inhibitory effect but produced only retardation. It 
was observed that both quinone and hydroquinone rapidly produce a dark 
purplish-brown color in these recipes, and it was concluded that at this pH 
(about 9.5), they are decomposed to complex degradation products having 
no true inhibitory power. Hydroiiuinone is often used as an inhibitor or 
shortstop foj pt)lymerization latices with fetty acid soaps. It seems prob¬ 
able that its effectiveness is due to the retarding power of these degradation 
products, which produce practically complete cessation of the polymeriza¬ 
tion when sufficient hydroquinone is added (0.1-0.2% based on mono¬ 
mers). 

It was believed that p-benzoquinone should act as a true inhibitor if 
a recipe were used in which it is stable. It was found that when dodecyl- 
amine hydrochloride (DDA-HCI) was employed as emulsifier, p-benzo- 
quinone produced indiKition periods roughly proportional to the quantity 
of the quinone initially present. The development of a reddish tinge in the 
reaction mixtures, however, indicated that the quinone was reacting slowly 
with the small amount of free dodecylamine formed by hydrolysis, prob¬ 
ably with the formation of amino quinones having lower reactivities toward 
free radicals. To prevent this reaction, hydrolysis of the DDA*HC1 was 
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suppressed by making the aqueous phase 0.1 N in hydrochloric acid. 
Under these conditions the results shown in Table I and Figure 1 were ob¬ 
tained. 


TABLE I 
Induction Periods 

Corrected for Residual Oxygen, Produced by p-Benzoquinone in IX DDA*HC1, 
V 2 X Persulfate Recipe at 50®. Aqueous Phase 0.1 TV in HCl. Quinone Concentration 


expressed as Millimoles per 100 Grains Styrene 

p-Benzocminone 

I. P./(quinone) 

ooncD. 

I.P., hours 

0.005 

0.97 

194 

0.010 

1.90 

190 

0.020 

3 80 

190 



Fig. 1. Induction periods produced by p-benzoquinone in 1X dodecylamine 
hydrochloride, V 2 X K 282 O 8 recipe at 50®; aqueous phase 0.1 AT in HCl. 1, 
Blank, no quinone. 2, 0.005 millimole'quinone per 100 g. styrene. 3, 0.010 
millimole quinone per 100 g. styrene. 4, 0.020 millimole quinone per 100 g. 
styrene. 


The induction periods observed were corrected for residual oxygen by 
subtracting from each the induction period observed in the absence of the 
quinone. It can be seen that the induction periods are proportional to the 
amount of the quinone initially present. 

Table II and Figure 2 show that, as with oxygen, the induction period 
produced by a given amount of p-benzoquinone varies inversely as the per¬ 
sulfate concentration, while Figure 3 shows that the induction periods de¬ 
pend very little upon the concentration of emulsifier employed. From 
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these data, it can be seen that the effects of p-benzoquinone on the emulsion 
polymerization of styrene appear to be qualitatively the same as those of 
oxygen. Quantitatively, however, there is a great difference. Kolthoff 



Fif<. 2. Induction periods produced l>y 0.01 millimole p-benzoquinouc (per 
100 g. styrene) in IX dodecylamine hydrochloride recipe as a function of per¬ 
sulfate concentration 30°. 1, Blank, no quinone, IX K2S208. 2, 0.01 millimole 
quinonc, 1X K 2 S 2 O 8 . 3, 0.01 millimole quinone, V 2 X K 2 S 2 O 8 . 4, 0.01 millimole 
quinone, V^X K 2 S 2 O 8 . 



Fig. 3. Effect of dpdecylamine hydrochloride concentration (in 0.1 N HCl) 
on induction period produced hy 0.01 millimolep-benzoquinone; V 2 X K 2 S 2 O 8 ; 
50°. I 9 2X dodecylamine hydrochloride. 2, IX dodecylamine hydrochloride^ 
3, VtX dodecylamine hydrochloride. 4, V 4 X dodecylamine hydrochloride. 
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and Dale® have found that an induction period of 1.8 hours is caused by 
0.52 millimole oxygen, whereas from the present data it appears that an 
equal induction period is caused by only about 0.02 millimole of p-bemeo- 
quinone. On a molar basis, p-benzoquinone is thus about 25-26 times 
more effective as an inhibitor than oxygen. 

TABLE II 
Induction Periods 


Corrected for Residual Oxygen, Produced by 0.01 Millimole p-Benzoquinone per 100 
Grams Styrene in IX DDA*HC1 Recipe as a Function of Persulfate Concentration (C) 
at 50® 


(C) 

I.P.. 

houni 

I.P. X 
(C) 

IX 

0 90 

0.90 

‘AX 

1.70 

0.85 

*Ax 

3.40 

0.85 

Effect of Chloranil. In Table III are shown 
duced by chloranil in a 1 X DDA HCl recipe. 

the induction periods pro- 


TABLE III 



Induction Periods 


Corrected for Residual Oxygen, Produced by Chloranil 

in ix DDA*HC1 recipe at 50® 

Chloranil conen. 

I.P., houra I.P./(chloraQil) 


With V2X K2S2O8 


0 01 

1.03 

103 

0.02 

1.95 

97.5 

0.04 

3.28 

82 


With IX K2S2O8 


0.04 

2.00 

50 

0.40 

6,50 

16.3 

It will be observed that 

the induction period 

is not proportional to the 


quantity of chloranil employed. The discrepancy becomes very great 
when the amount of chloranil is increased to 0.40 millimole, in which case 
the induction period is only one-third as long as expected. With p-benzo- 
quinone, on the other hand, the induction period produced by 0.02 milli¬ 
mole in a 1X persulfate recipe is 2.0 hours, while 0.20 millimole produces an 
induction period of 21.9 hours. It will also be observed that even at the 
lowest concentration, the induction period produced by chloranil is only 
about half that produced by an equimolar quantity of benzoquinone. 

Potassium OJO-phenanthrenequinone-S-sulfonaie. In Figure 4 are shown 
time-conversion curves in the presence of potassium 9,10-phenanthrene- 
quinone-3-8ulfonate. This substance is clearly a nonideal inhibitor. As 
its concentration is diminished, the quinone is unable to react with all the 
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monomer radicals produced, and some chain propagation occurs. The rate 
of polymerization thus increases as the quinone concentration falls. 



Fig. 4. Effect of K-phenanthreneqiiitione-3-siilfonate in IX dodecylamine 
hjdrochloride, IX K2S2O8 recipe; 50°; eonc. quinone in millimoles per 100 
g. styrene. 1, Control, no quinone. 2,0.01. 3,0.02. 4,0.04. 


Effect of Temperalare on Induction Periods Produced by p-Benzoquinone. 
In Table IV, tli(i induction periods produced by p-benzoquinone at 30, 
40, and 50° in a IX DDA HCl (0.1 N HCI), IX persulfate recipe are 
given. 


TABLE IV 

Induction Periods 

Produced by p-Benzoquinone in IX DDA-IICI (0.1 HCI), IX Persulfate Recipe at 
30, 40, and 50° 


Temp., ®C 

OuirioriB 

concii., millimole / 

100 g. styrene 

I P , hours 

1 P. oorr. 
for O 2 1.P. 

Polymeriza¬ 
tion rate 
after 
I.P.« 

50 

0 00 

0 16 

— 

65 


0.01 

1.00 

0.84 

65 


0.02 

1.85 

1.69 

67 

40 

0.00 

0 30 

— 

27 


0 01 

4 75 

1 45 

30 


0 02 

9 60 

9 30 

27 

30 * 

0 00 

0.85 

— 

9 


0 01 

21.90 

21.05 

9 


0 02 

52.70 

51 85 

8 


“ In f>er cent conversion per hour. 


Assuming tentatively (see below) that the rates of quinone disappearance, 
which are inversely proportional to the observed induction periods, are 
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proportional to the rate of initiation of monomer free radicals in the emul¬ 
sion, we may calculate the activation energy for the initiation process, E\^ 
from; 


El ^ R 


T 1 T 2 (LP.)i 
T, - Ti '' (I.P.)2 


where (I.P.)i represents the observed induction period at temperature 7\ 
(LP .)2 represents the induction period at temperature T' 2 , and R is the gas 
constant. Ei is found to be 33,000 =*= 400 cal. per mole. Foord^ finds a 
value of 28,000 cal. per mole from the induction periods caused by p- 
benzoquinone in the bulk thermal polymerization of styrene. 

Similar measurements carried out with oxygen by KolthofF and Dale* 
have given a value of 19,600 cal. per mole for the “activation energy” of the 
induction periods caused by oxygen. 

Reactivity of Oxygen toward Styrene Free Radicals Compared to 
That of Quinone and Hydroquinone. Experiments have been carried 
out with the purpose of comparing the relative reactivities of oxygen, 
quinone, and hydroquinone toward styrene-free radicals initiated by per¬ 
sulfate. To do this, rates of oxygen absorption in the presence of quinone 
and of hydroquinone were measured using the manometric apparatus, with 
fast-shaken reaction vessel, described earlier.^ The reaction mixture con¬ 
tained 2 X-persulfate, IX DDA-HCl, and was made 0.1 A^in hydrochloric 
acid. With hydroquinone, the acid was omitted to retard the oxidation of 
the hydroquinone by persulfate. It has been found that the rate of oxygen 
absorption under these conditions is independent of the pH of the emulsion 
between pH 1 and 5. In Table V and Figure 5 are shown the results ob¬ 
tained. 


TABLE V 

Rate of Oxygen Uptake 

By a Styrene Emulsion in Presence of Quinone and Hydroquinone at 50®, with 2X 


Persulfate and 1X DDA-HCl 

Hate of O2 

MiUimoles/lOO g. uptake, 

, Inhibitor styrene nun. Hg/hour 

0 620 
Quinone 0.04 620 

Quinone 0.40 580 

Hydroquinone 0.04 960 

Hydroquinone 0.40 340 


If p-benzoquinone were able to terminate the monomer radicals R* be¬ 
fore they react with oxygen or the peroxide radicals RO 2 •, its presence would 
retard the uptake of oxygen by cutting the cheuns of the oxygen-styrene 
copolymerization. Actually, p-benzoquinone has practically no effect 
even at a concentration (0.40 millimole) sufficient to stop normal polymeri- 
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nation for 20 hours under the conditions employed. It appears that p- 
benzoquinone is not only much less reactive toward R • than is oxygen, but 
that it must be much less reactive toward the peroxide free radical than is 
styrene. However, it is a powerful inhibitor for normal polymerizations, 
and must therefore, be much more reactive toward R • than is the monomer. 
These observations serve to illustrate the extraordinary affinity of oxygen 
for the monomer radicals. 



Tlme,Hourt 


Fig. 5. Kate of oxygen uptake by styrene emulsion 
in presence of quinone and hydroquinone; IX do- 
decylamine hydrochloride, 2X persulfate; 50®. 
1, no quinone. 2, 0.04 millimole quinone. 3, 0.40 
millimole quinone. 4, 0.04 millimole hydrcH|uinone. 
5, 0.40 millimole hydroquinone. 


It is conceivable that the quinone may actually copolymerize with the 
styrene and the oxygen, and thus be consumed simultaneously with the 
oxygen rather than after it has all reacted. This hypothesis requires the 
assumption that the hypothetical quinone peroxide-free radicals, which we 
may designate QOO •, react at the same rate with monomer (or quinone) as 
the monomer peroxide radicals MOO • (where either Q or M may represent 
polymer chains). This does not seem plausible and we prefer at present the 
simpler interpretation given above. 
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Hydroquinone at a concentration of 0.04 millimole accelerates the rate 
of oxygen absorption, probably because it reacts with persulfate with the 
formation of free radicals,® thus effectively increasing the rate of activation 
by persulfate. The retarding effe(;t of the large amount of hydroquinone 
(0.4 millimole) may be attributed, in part at least, to reaction of this re- 
ductant with R02' radicals. It is of interest to note that in the recipe 
under consideration liydroquinone is a very inefficient antioxidant for the 
monomer. 

Summarizing, the following conclusions can be drawn from these data: 

Reactivity with respect to R • 

O 2 Quinone Monomer 
Reactivity with respect to R02* 

Monomer ^Hydroquinone (?) ^Quinone 

Nature of Interaction of Monomer Radicals with Quinones, p- 

Benzoquinone, An investigation was carried out to determine whether 
p-benzoquinone, on reacting with styrene radii'als, forms a substituted 
quinone, as has been suggested,^® or disappears by some other reaction. 
Four vessels of approximately 125 ml. ('apacity were employed. These 
vessels were fitted with stopcocks by means of which the contents 
could be flushed with nitrogen. Styrene was added to 110 ml. of water in 
the vessel by means of a microburet delivering 0.0137 0.0002 g. (at 

25®) of styrene. The aqueous phase was 0.00182 M in potassium persul¬ 
fate, and 0.000910 M in p-benzoquinone. After flushing with nitrogen, 
the styrene was added, and the vessels were placed in ail oil bath held at 
50®. The solutions remained clear throughout the reaction period. At 
intervals, a vessel was removed, a 25 ml. sample was taken and to it was 
added 23.9 ml. of 1/7.5 M Na 2 HP 04 , 1.25 ml. 1/7.7 M KII 2 PO 4 , and 0.5 
ml. of 0.5% gelatin solution as a maximum suppressor. The pH of the 
final solution was 8.05. The polarographic wave of this solution was then 
determined. In Figure 6, the waves obtained at various reaction times are 
presented. The first wave is that of persulfate, and the second is that of 
► the quinone. For comparison, the wave for the initial concentration of 
quinone (curve 4) in the absence of persulfate is also shown. It will be 
observed that as the p-benzoquinone wave decreases, no wave correspond¬ 
ing to a new quinone appears. 

Chloranil. The reaction of chloranil with styrene in the presence of per¬ 
sulfate was studied. 200 ml. of a 0.648% (4X) aqueous solution of potas¬ 
sium persulfate, and 20 ml. of a 3.2% solution of chloranil in styrene (giving 
a nearly saturated solution at 50®) were placed in a bottle, and flushed with 
nitrogen. The bottle was then placed in a 50® thermostat, where it was 
rotated end-over-end. At the beginning of the experiment, the color of 
the styrene layer was intensely red, (It is of interest that a solution of 
chloranil in styrene is red, while in toluene or benzene it shows a yellow 
color.) As the chloranil was consumed, this color faded. After 28 hours^ 
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the mixture had become entirely white. A polarographic test for chloranil 
at this time indicated that 99.0% of the chloranil had disappeared. 

Products were isolated after 16.5, 21.0, and 24.5 hours reaction time by 
drawing off the styrene layer into cold methanol to precipitate the polymer, 



Applied EMF, Volts vs. aC.E. 


Fig. 6. Polarographic waves of K 2 S 2 O 8 (first wave) and p- 
beiizoquinone (second wave) after reacting in aqueous solution 
in presence of styrene at 50°. 1, 0 hours. 2, 19.75 hours. 3, 43.5 
hours. 4, Quinonc at initial cone, in absence of K 2 S208* Waves 
determined in phosphate buifer at pH 8.05. 


which was washed, dried in vacuo, and analyzed for chlorine. The results 
obtained, together with the intrinsic vis(*ositips in benzene, are shown in 
Table VI. 



TABLE Vi 


Reaction time. 
Hours 

Per cent Cl 


16 5 

31 6 

0.052 

21 0 

37.3 

0 047 

24 5 

31 8 

0 059 


All three products were white powders that gave slightly yellow solu¬ 
tions in benzene. The intrinsic viscosities observtid correspond to a num¬ 
ber-average molecular weight of about 2000- 3000 using the data of Ewart 
et a/.“ for polystyrene. This value is only an approximation, since the 
reaction product is quite different from polystyrene. 

An attempt was made to measure the number-average molecular weight 
by osmotic pressure measurements, using the osmometers described by 






sao F. A. BOVEY AND I. M. KOLTHOFF 

Sands and Johnson,^* but it was found that after an initial rise of solution 
in the capillary (the maximum rise corresponding to a molecular weight of 
10,500), the solution level began to fall, indicating that the membrane 
was permeable to the solute. This result, therefore, only sets a maximum 
limit to the molecular weight. 

The chlorine content of the 16.5-hour and 24.5-hour products (the reason 
for the higher chlorine content at 21.0 hours is unknown; this value was 
carefully rechecked) corresponds closely to a structure containing on the 
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Fig. 7. Polarographic reduction waves in benzene- 
alcohol (5% water) 0.05 in tetraethyl ammonium 
bromide. 1, Blank. 2, Chloranil-styrene copolymer« 

0.0404% solution. 3, chloranil, 0.0246% solution 

(0.001 M). 

average one chloranil molecule to two styrene molecules (calculated chlorine 
content: 31.2%). If the number-average molecular weight is taken as 
approximately 2000, it appears that this substance is a copolymer of 
chloranil and styrene of average composition: 


(chloranil • 2 styrene)nfi<i 

In Figure 7 is presented the polarographic wave of a 0.0494% solution of 
the polymer in a solvent composed of 5% water, 52.5% benzene, and 42.5% 
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ethanol, which was 0.05 M in tetraethyl ammonium bromide as supporting 
electrolyte. For comparison, the wave for 0.001 M chloranil (0.0246%) 
in the same solvent is also given. The polymer gives only a very small 
wave, which is evidently not due to residual chloranil, as it occurs at a 
potential more negative than that of the chloranil wave. The chloranil 
is bound into the polymer in such a way that the quinone structure is no 
longer present. 

The same conclusion is indicated by the ultraviolet spectra of chloranil 
and the chloranil-styrene copolymer. In Figure 8, the specific extinctions 



Fig. 8. Absorption spectra of: 1, chloranil- 
styrene copolymer; 2, chloranil; 3, poly¬ 
styrene. 


of both substances from 248 to 310 millimicrons are presented, together 
with the curve for polystyrene. Chloroform was used as solvent, and the 
extinctions were measured with the Beckman Model DU Quartz Ultraviolet 
Spectrophotometer, using fused silica cells of 1 cm. path length. (The 
extinctions of the polymers are plotted on a scale five times larger than that 
for chloranil.) The (;hloranil-styrene copolymer absorption approaches 
a maximum in the neighborhood of 240 millimi(*rons, and shows no maxi¬ 
mum at 260 millimicrons, as polystyrene does. It also shows a smaller 
peak with a maximum at 298 millimicrons, which is evidently not due to 
residual chloranil, since the chloranil maximum is at 292 millimicrons. 
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DISCUSSION 


The experimental results indicate that when p-benzoquinone and chlor- 
anil react with monomer radicals in the emulsion polymerization of styrene, 
the product is not a quinone. The most reasonable hypothesis seems to be 
that, as Cohenhas suggested for the bulk polymerization of styrene, the 
monomer radical R- attacks the quinone molecule at the oxygen atom (M 
represents monomer): 



The product is thus an ether of hydnxfuinone. 

We have represented the quinone-monomcr adduct radical as capable of 
reacting only with R •, and not with M to continue the chain. If we accept 
this hypothesis, it is at once apparent that: 

rf(RO ^ d{Q) 
di dt 

where Q represents p-benzoquinone. The data of Table I and Figure 1 
show that the induction period produced by p-benzoquinone is proportional 
to the quantity initially present. The rate of disappearance of quinone is 
therefore of zero order with respect to (Q), and the induction periods should 
be inversely proportional to the rate of activation, From the 

data of Tables I and II we thus find for the rate of activation of styrene 
at *50° in a 1 X DDA IICl, 1 X K 2 S 2 O 8 recipe: 

11.5 X 10~^ moles/hour/liter of aqueous phase 

Table II shows that, as expected, the rate of activation is proportional to the 
persulfate concentration. If actually the ratio of p-benzoquinone reacting 
to radicals produced is greater than 1:2, the true rate of activation would 
be correspondingly smaller than this estimate. If, on the other hand, sev¬ 
eral molecules of styrene react for each molecule of quinone consumed, our 
conclusions as to the rate of activation are unaltered, provided only that 
the ratio of styrene radicals to quinone molecules reacting is approximately 
2 : 1 . 

This estimate is confirmed by the following independent evidence. 
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(a) The namber-average molecular weight of the polystyrene formed in a 
IX DDA IICl, IX K 2 S 2 O 8 recipe at 50° and at 50% conversion (it varies 
only slightly with conversion) is about 2.75 X 10®, estimated viscometrically 
from the relationship of Ewart et Assuming disproportionation of 

recjornbiiiing radicals, the rate of aclivation will then be given by: 


d(R •) rate of chain propagation, g./hour/liter 
dt Mn 


370 _ 

2.75 X 10® 


13.4 X 10 ® mole/hour/Iiler of acfueous phase 


Recently, Mayo and Griigg*^ have presented evidcmcc indicating that in 
the thermal polynu^rizatioii of styrene the quinone-monomer adduct radical 
may be <\apable of continuing the chain, so that as many as 16 quinone 
rnolecuh^s react for cacii R • produced. If (H)polymerization of the quinone 
with styrene occurs und(‘r the conditions of emulsion polymerization, we 
must assume that the true rate of initiation is a(;tually smaller than that 
deduced from the quinoia* induction periods, and that the molecular weight 
of the polyuHT produced in the absence of the quinone is reduced by chain 
transfer (possible with monomer) to a degree just sufTicient to counterbal¬ 
ance this effect. Only in tJjis wa> (*an the correspondeiK^e of the apparent 
rates of initiation calculated from fhes(‘ independent measurements be 
accounted for if the hypothesis of the copolymerization of tlie quinone is 
r(itaincd. Tin* (experimental evidence does not allow us to exclude entirely 
the quinone polymerization-chain transfer interpretation, but we prefer 
at present the sirnph'r interpretation w hicii we have given above. Further- 
rnore, Sn.ith^® has indicated that chain transfer with monomer is probably 
not an important factor in determining the molecular weight of polystyrene 
formed in emulsion. 

(6) It will be shown in a subs(*(fijent paper that, when the styrene is 
entindy solubilized in the DDA IICI solution, so that no excess is present, 
the rate of a(.;livalion, estimated from the molecular weight of the product 
and the rate of polymerization, is of the same order of magnitude as above. 

(c) From the sulfur (content of the polymer, measured by means of a 
radioactive sulfur trac’er in the persulfate, Smithhas estimated that the 
rate of activation at 50° in a 0.5% S.F. flakes, 1 X K 2 S 2()8 reedpe is 3.7 X 
10" ® mole/hour/liter, a value of the same order of magnitude as ours. 
The rate of polymerization under these conditions is about 170 g./hour/ 
liter. It has been found in our laboratory that the rates of polymerization 
and molecular weights of polystyrene prepan^d in S.F. flakes and DDA* 
IICI under equivalent conditions are approximately the same. 

Figure 3 shows that the rale of activation hardly depends on the emul¬ 
sifier concentration. This appears to confirm the earlier conclusion® that 
the activation of the monomer occurs outside the soap micelles and in the 
“true” water phase of the read ion system. However, as w ill be shown and 
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discussed in a subsequent paper, the rate of activation is much less (by a 
factor of at least ten) in the complete absence of the emulsifier. 

We have shown that the apparent activation energy of the quinone induc¬ 
tion period is 33,000 ^ 400 cal. per mole. We believe that this value 
represents the energy of activation for the initiation of free radicals in this 
system. We have represented the activation process above as a bimolec- 
ular interaction of persulfate with the monomer. This appears to be a 
reasonable hypothesis, but the possibility that the rate-determining step in 
the activation process is a unimolecular decomposition of the persulfate 
cannot yet be definitely excluded. If the latter were true, the activation 
energy observed would represent that of the decomposition of the persulfate 
under these conditions. In water alone, the data of Green and Masson^® 
indicate an activation energy of approximately 28,700 cal. per mole for the 
thermal decomposition of the persulfate ion to bisulfate ion and oxygen. 
The mechanism is unknown. 

Estimates of the rates of persulfate activation of styrene dissolved in 
DDA*HC1 solutions have been made by measuring rates of polymerization 
and molecular weights of the polymers. These experiments will be 
described in a subsequent paper. A value has been obtained in this way 
for the energy of activation of the activation process which is in agreement 
with the above value of 33,000 cal. per mole. 

The experimental evidence indicates that chloranil, unlike />-benzo(|ui- 
none, is a nonideal inhibitor. Although it produces sharply defined induc¬ 
tion periods and therefore appears at first sight to be ideal, it copolymerizes 
with the styrene. Its rate of disappearance is thus more rapid than that of 
p-benzoquinone, even at very low concentrations. The following equations 
account for the reactions which occur in the presence of chloranil: 

(f) 


( 2 ) 


(3) 


The radical (II) evidently does not react exclusively with chloranil— 
which would lead to a copolymer of strictly alternating structure—but may 


K2S2O8 "I" M 




H- + 






-f M 


Cl Cl 
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react with styrene also. The average composition and structure of the 
product obtained under our experimental conditions may be represented by: 



Cl Cl 

^-O-CHsCH-CHjCH 

ioi. iai.J 


n«5 


Previous investigations of the reactions of chloraiuT with styrene have 
been recently reviewed.^ These studies are in general consistent with our 
proposed mechanism, although different structures have been assigned to 
the reaction products in some cases. 
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Resume 

Une 6tude exp6rimentale de la p6riode d’induction causae par la p-benzoquinone, le 
9,10-phenanthr^ne-quinone-3-sulfonate potassiquo et le chloranile a 6t6 faite dans le 
cas de la polymerisation en emulsion du styrene, en presence de chlorhydrate de do- 
decylamine comme emulsifiant et de persulfate potassique comme initiateur. Les peri- 
odes d’induction, dues ^ la p-benzoquinone sont proportionnelles b la quantite d’inhibi- 
teur initiale, inversement proportionelles a la concentration en persulfate potassique, et 
environ independantes de la concentration en emulsifiant. 11 est demontre que la 
vitesse de disparition de la p-benzoquinone est approximativement egale k la moitie 
de la vitesse de production de radicaux monomeres fibres produits dans le syst^me. La 
vitesse de production des radicaux est proportionelle, au debut de la polymerisation, k 
la concentration en persulfate, et sensiblement independant de la concentration en emul¬ 
sifiant, depuis 0.625 g. d 500 g. de chlorhydrate de doderylamine par 100 g. de monomere. 
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Le processus d’activation n6cessite une 6nergie de 33,000 * 400 cal. par mol. Le 9,10- 
ph6nanthr^e-quinone-3-sulfonate potassique est un inhibiteur non-id6al. Le chloranile 
copolym6rise avec le styr^e. Le polymdre resultant, form6 au cours de nos conditions 
exp^rimentales, a caract6ris4, et a la composition suivante: 


Cl Cl 



-O-CHjCH-CHjCH 

(!:,h, (!:,hJ 


ncs<6 


L’oxyg^ne r6agit plus rapidement avec les radicaux libres styrSniques que ne le font les 
quinones. 


Zusammenfassung 


Es wurde eine experirnentelle Untersuchung der Indukiionsperiodeu \ orgeiioinmen, 
die durch p-Benzochinon, Kalium-9,10-phenanthrenchinon-3-sulfonat und Chloranil in 
der Emulsionspolymerisation von Styrol unter Vcrwendung von Dodecylamin-hydro- 
chlorid als Emulsionsmittel und Kaliuinpersulfat als Initiator hervorgerufen wurden, 
Es wurde gefunden, dass die durch p-Benzochinon hervorgerufenen Induktionsperioden 
proportional der anfangs vorhandenen Menge des Initiators, umgekehrt proportional 
der Persulfatkonzentration und fast iinabhiingig von der Konzentration des Emulsions- 
niittels sind. Der Beweis wurde erbracht, dass die Abnahmegeschwindigkeit von p- 
Benzochinon annahcrnd gleich der Halfte der Produktionsgeschw ndigkeit von freien 
Monomer- Radikalen in dem System ist. Die Produktionsgeschwindigkeit von Radi- 
kaleii zu Anfang der Polymerisation ist proportional der Persulfatkonzentration und fast 
unabhangig von der Konzentration des F]mulsionsrriitteIs zwis(;hcn 0.625 und 5.00 g. 
Dodecylamin-hydrochlorid pro 100 g. Monomer. Der Aktivierimgvorgang zeigt eine 
Aktivicrungsenergie von 33,000 ^ 400 cal. pro Mol. Kaliutn-9,10-phenanthrenchinon- 
3-sulfonat ist ein nicht idealer Inhibitor, l^s wurde gefunden, dass Chloranil iiiit Styrol 
copolyraerisiert. Das Polymer, das unter unseren exiKirirnentalen Bedingungen erhal- 
ten wurde, wurde charakterisiert, und es wurde gefunden, dass es die folgendo Zusam- 
mensetzung hat: 



Cl Cl 

O—CHjCH-CHaCH 




Sauerstoff reagiert hereitwilliger init freien Styrol-Radikalen als Chinone. 
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Influence of Molecular Weight on the Properties of 
Polystyrene. II. Fractionation of the Polymer* 
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Monsanto Chemical Company, Springfield, Massachusetts 


I. INTRODUCTION 

The dependence of the strength properties of cellulose acetate, poly¬ 
vinyl chloride,® cellulose nitrate,^® and polyisobutylene^^ upon molecular 
weight has been established; it appeared of interest to carry out a similar 
investigation of polystyrene, since this polymer has a large molar cohesion, 
yet does not crystallize.® Part J of this series^ described a method of cast¬ 
ing and drying polystyrene films so that further stringent drying would not 
alter the values of the measured physical properties within the precision 
of their measurement. Part II desc^ribes the fractionation of a polystyrene 
on a scale large enough to yield fractions from which films could be (^ast 
and tested for strength properties. 

II. PREPARATION OF POLYMER 

Commercial inonostyrenc of 99.8% purity containing 10 p.p.m. of 
p-/cr/-catechol was polymerized in bulk at 93‘^C. under an oxygen-free 
atmosphere without the use of catalyst. After 12 hours, 15% conversion 
was reached, at which time the kettle charge was dumped onto Dry Ice 
and 0.1% hydroquinone was added. The polymer was isolated by running 
the solution as a fine thread into 10 volumes of stirred methanol. After 
filtration and washing with methanol, tlie polymer was dissolved in methyl 
ethyl ketone to make a 2% solution and precipitated in the form of a porous 
thread having a high surface/weight ratio. 

III. FRACTIONATION OF THE POLYMER 

Of the various known methods that are suitable for fractionating high 
polymers (see Gragg and Hammerschlag for an excellent review,^) the pre¬ 
cipitation by noiisolvent addition to a solution of the polymer with temper¬ 
ature as equilibrant and final precipitation agent was most feasible in the 
available equipment. This method had been used successfully by Danes^ 
on polystyrene as early as 1934. 

* Contribution from the Monsanto Chemical Company, Plastics Division, Research 
Laboratories, Springfield, Mass. 

t Present address: Armour Leather Co., Philadelphia, Pa. 
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The twice-precipitated dry polymer was dissolved in methyl ethyl ketone 
to make a 1.5% solution in a 200-gallon jacketed vessel. A calculated 
quantity of methanol was added to the stirred solution at 37.8®C. and then 

TABLE I 

Summary of Fractionation Data 


wt. 


Fraction 

No.« 

onginal 

Intrinnc 

visoonty 


X 10-*» X 10-»« 

M 

1 

11.08 

2 42 

0.42 

1550 

1500 

0.491 

3 

5.61 

2.24 

0.37 

1350 



2 

5 46 

2 15 

0.50 

1250 



5** 

5.14 

2.07 

0 36 

1170 



4 

4.76 

2.03 

0 43 

1130 

1190 

0 489 

7 

5 46 

1.92 

0.27 

1010 



6 

3.54 

1 82 

0 44 

920 



8 

1.93 

1 77 

0.36 

880 



9 

2.41 

1.75 

0.38 

860 

880 

0.489 

11 

2 85 

1.67 

0.38 

790 



10 

2.09 

1 66 

0.40 

780 



12 

1.88 

1.66 

0.36 

780 



13 

1.11 

1.58 

0 38 

720 



14 

3.82 

1 56 

0 35 

700 

660 

0.489 

16 

2 38 

1 51 

0.32 

660 



15 

1.53 

1 50 

0 36 

655 



17 

2.36 

1 41 

0 36 

590 



18 

0.82 

1.39 

0 36 

575 



19 

2 92 

1 37 

0.35 

560 

554 

0 494 

20 

1.88 

1 34 

0.33 

540 



21 

1.64 

1 26 

0.38 

490 



22 

2.46 

1 23 

0.35 

470 



23 

1.56 

1.16 

0.40 

430 



24 

2 33 

1 14 

0 34 

420 

470 

0 484 

25 

2.23 

1.08 

0 37 

385 



26 

2.19 

1.02 

0 37 

355 



27 

2 32 

0.96 

0.37 

320 



28 

2.32 

0.90 

0.37 

295 



29 

2 16 

0.84 

0 38 

270 

266 

0.483 

30 

2.27 

0.77 

0.39 

240 



31 

0.68 

0.77 

0.39 

240 



32 

1.05 

0.71 

0.39 

215 



33 

1.08 

0.67 

0.39 

200 



34 

1.55 

0.59 

0 45 

170 



35 

1.18 

0 56 

0.38 

160 



36 

2.34 

0.42 

0.52 

120 

128 

0.480 

37 

0.38 

0.42 

0.45 

120 



38 

1.20 

0.42 

0.47 

120 



39 

0.03 

0.19 

0.44 

60 



Original 

100.00 

1.59 

0.36 

725 




" Arranged in order of decreasing intrinsic viscosity; number in ordw of preparation. 

* Read from smoothed curve of intrinsic viscosity versus measured Afi». 

* Measured. 

^ Distributed under the auspices of the Commission on Macromolecules of the Union 
Internationale de Chemie. 
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the temperature was raised to 58°C. to redissolve any precipitate. After 
cooling slowly and allowing the gel to settle overnight, the gel was with¬ 
drawn through a 2-in. gate valve at the bottom of the kettle, and dissolved 
in methyl ethyl ketone to make a 2% solution. 

The fraction was then isolated by running the solution into 10 volumes 
of stirred methanol, filtering off the porous threads, washing with methanol, 
and drying to ca, 1% residual solvents on a Buchner funnel. 

The quantity of methanol added to precipitate a given fraction was cal¬ 
culated from the results of a small (50 g.) pilot fractionation where turbidi¬ 
ties could be observed by eye. 

Repetition of this procedure yielded 39 fractions (the 40th was left in 
solution). Pertinent data are collected in Table I. 

IV. CHARACTERIZATION OF THE FRACTIONS 

The intrinsic viscosity of each fraction was determined in toluene solu¬ 
tion at 28.5 0.02°C. with an Ostwald-type viscometer modified so that 

dilutions could be made directly in the instrument. Values of fe' were de¬ 
termined in the manner of Huggins.^ Light scattering measurements on 
methyl ethyl ketone solutions of selected fractions yielded weight-average 
molecular weights and the Flory-Huggins solubility constant ‘V” calcu¬ 
lated from the slope of the curve.* The results of these measurements are 
given in Table 1. 

The relationship between the log of the intrinsic viscosity and the log of 



the molecular weight (^„) was plotted and because of scatter the weight- 
average molecular weights were read from the smoothed curve. 

The Huggins k' values for the fractions were disappointingly nonuni- 
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form, but a Student’s test showed that the difference between the mean 
of the two sets of extreme values and the mean of the others was not signifi¬ 
cant at the 95% level. 

V. DISTRIBUTION CURVES 

The integral distribution curve was drawn through the midpoints of the 
lines of the stepped boxes whose areas equaled Ai?w^A(wt. %)/ and 
is given in Figure 1. The differential distribution curve given in Figure 1 
was obtained by plotting the slope of the integral distribution curve at a 
given Mw versus that 

Of interest is the fact that the sum of the prodiu^ts “weight % of frac¬ 
tion times its intrinsic viscosity” equaled the intrinsic vis(mity of the 
starting polymer which may be taken as evidence that the losses during 
fractionation were fairly uniformly distributed among the fractions. 

The authors wish to thunk Drs. N. N. 'f. Samaras and II. Ruchdahl for their support 
and continued interest. 
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Resume 

Un fonctionneinent pousse d’un polystyrene isole aprfts une faihle conversion, a et6 
elfectu^ par refroidissemeijit progressif d’une solution dans un melange methanol- 
butanol. I^a viscosite intrinseqiie est donnee f)our toutes les ^9 fractions, ainsi que les 
poids moleculaires d© 8 fractions, deiermines par rnesure do dilTusion de la lumiere. La 
courbe de distribution, qui presente un large; maximum unique, est 6g4lement indique. 

Zusammenfassung 

Eine Fraktionierung im Grossen von einern Polystyrolpolyrneren niedriger Conversion 
wird beschrieben. Es wird dabei die Tomperatur eincr Butanon-Methanolldsung 
schrittweise verrnindert. Die Greiizviskositat wird fur alio 39 Fraktionen angegeben 
und das Lichstreuungs-Molekulargewicht fiir 8 Fraktionen, Die Verteilungskurve, die 
eine einzige breite Spitze hat, wird ebenfalls gegeben. 

Received July 10, 1949 
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Flow of Linear Amorphous Polymers 


R. S. SPENCER, The Dow Chemical Company, Midland, Michigan 


INTRODUCTION 

A knowledge of the rheological properties of polymers is of greatest prac¬ 
tical importance in two types of problems. The flow behavior of the ma¬ 
terial is a fundamental consideration in the customary fabrication tech¬ 
niques, molding, and extrusion. The creep characteristics at substantially 
lower temperatures are equally important in many applications. In the 
present paper we shall be concerned primarily with those properties which 
are pertinent to the first problem. That is to say, we shall be considering 
ranges of experimental conditions, such as temperature, shearing stress, 
etc., which are roughly equivalent to those encountered in fabrit ation. 

The title of this paper implies a furtluu* restriction as to the types of 
polymers to be studied, allhough this is not as confining as might be ex¬ 
pected. In the case of polymers that can crystallize at room temperature, 
su(’h as rubbe^r and polyc'thylene, fabrication temperatures are customarily 
above the melting point of the crystallites. For our purposes, then, we 
may regard such materials as amorphous polymers. The limitation to 
linear polymers merely means that we are avoiding such things as vul¬ 
canized rubber which have a three-dimensional network structure. 

Before proceeding to the discussion, a few generalities about the rheo¬ 
logical properties of polymers are perhaps in order. The deformation of a 
polymer under stress may be subdivided into contributions from three dis¬ 
tinct mechanisms, which we shall consider very briefly. At temperatures 
well below the jipparent second-order transition temperature most of the 
short-time deformation is due to ordinary elasticity. This is similar to the 
deformation of a crystalline material and is presumably due to stretching 
of valence bonds and/or bending of valence angles. The modulus is quite 
high and relatively insensitive to temperature variations; the response to 
applied stress is practically instantaneous and the deformation is com¬ 
pletely recoverable. At temperatures near and above the apparent second- 
order transition temperature a considerable amount of strain may be con¬ 
tributed by high elasticity, frequently called rubberlike elasticity. This is 
attributed to the partial uncoiling of the threadlike polymer molecules 
under stress. The modulus is several orders of magnitude lower than that 
for ordinary elasticity; the question of its temperature dependence will 
be deferred for later discussioTj. Deformations by this mechanism are 
completely recoverable, but both the elastic response and recovery are 
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delayed, i.e., are time dependent. This behavior may be described by 
specifying a spectrum of relaxation times for the material. Major pre¬ 
requisites for the existence of high elasticity in a polymer seem to be the 
presence of molecules that are “flexible” enough to coil up in the unstressed 
state and subsequently uncoil when stressed, together with points of linkage 
between molecules that are capable of transmitting stress. These linkage 
points may be strong chemical bonds (as in vulcanized rubber), chemical 
bonds capable of breaking under stress and subsequent reforming (as in 
polysulfide rubbers), or even points of strong secbndary forces (as in poly¬ 
styrene and other more or less linear polymers). The flexibility of the 
individual molecules is strongly influenced by temperature; thus it is 
found that the relaxation time spectrum shifts markedly when the tempera¬ 
ture is changed. If the temperature is sufficiently greater than the appar¬ 
ent second-order transition temperature, it may even appear, in a given 
experiment, that rubberlike elastic response and recovery are practically 
instantaneous. The third deformation mechanism is that of viscous flow, 
which results in irrecoverable strains. At low^r temperatures this is mani¬ 
fest as creep or stress relaxation. At higher temperatures it is the principal 
contributor to the relatively large defonnations concominitant with fabri¬ 
cation. At low shearing stresses most polymers are substantially New¬ 
tonian, e.c., the rate of shear is directly proportional to the shearing stress. 
There is no evidence for the existence of a yield point, at least in the fabri¬ 
cation range of temperature. The flow behavior may be characterized by 
a viscosity that, as might be expected, turns out to be dependent upon the 
temperature and polymer molecular weight. As the shearing stress is 
raised, however, the rate of shear increases much more rapidly than would 
be expected from Newton’s law. This behavior, and its interpretation on 
a molecular basis, is one of the principal topics of the present paper. 

In the discussion to follow, greatest emphasis will be given to the be¬ 
havior of polymers in shear. This is natural when it is remembered that 
the primary concern is with flow under conditions roughly equivalent to 
those encountered in fabrication. If undue emphasis seems to be given at 
times to the properties of polystyrene, it is hoped that this may be forgiven 
on the grounds that the greater part of the author’s personal experience has 
been with that material. 

RELATIONSHIP BETWEEN RATE OF SHEAR AND SHEARING 

STRESS 

It was pointed out in the introduction that high shearing stresses result 
in rates of shear which are much greater than would be expected from ob¬ 
servations at low shearing stresses. Under conditions typical of extrusion 
or injection molding the rate of shear is very sensitive to the shearing 
stress. Practical considerations, then, in addition to the theoretical inter¬ 
est of the question, suggest this topic as a good starting point for discussion. 

It is interesting to consider first what type of relationship between rate 
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of shear and shearing stress might be expected, a priori. Eyriiig^ has 
treated the problem from the viewpoint of the theory of absolute reaction 
rates and arrived at an expression, for the case of simple shear, which may 
be written in the form: 


0A = ^ 


sinh (jSr) 

0T 


( 1 ) 


Here <I>a is the apparent fluidity, ^ is the fluidity in the limit of vanishing 
shearing stress, t is the shearing stress, and j(3 is a constant of the form: 

P = \A/2kT 


where \A is the so-c;alled “viscous volume,” k is the Boltzmann constant, 
and T is the absolute temperature. The corresponding equation for flow 
through a capillary was developed by Tobolsky, Powell, and Eyring,^ and 
may be written as: 


where r is the shearing stress at the capillaiy wall. Tliis equation has 
been applied by its originators to data on the flow of rubber, and by Green- 
blatt and Fensorn^ to h(»terogencous systems. 

Several difficulties have arisen in more detailed attempts to apply the 
Eyring equations to experimental flow data. Tobolsky, Powell, and Ey- 
ring noted that the capillary flow^ equation did not fit data obtained with 
highly compounded rubber. Spencer and Dillon^ pointed out that the ob¬ 
served behavior of polystyrene was not in agreement with the Eyring 
equation. The author has found that equation (1) will not give a satis¬ 
factory fit to the data of Tieloar and Saunders^ on the flow of masticated 
rubber. Another, less direc t, bit of evidence may be found in the work of 
Ferry* on the flow of concentrated polystyrene solutions. Ferry observed 
that as the shearing stress is raised early deviations from New ton’s law 
come about through a term which contains the first power of the shearing 
stress. Expansion of the hyperbolic sine of equation (1) into a power series 
shows that these early deviations should be due to a term containing the 
square of the shearing stress. It might be concluded, then, that the Eyring 
equations, as they stand, do not describe satisfactorily observed flow behav¬ 
ior of polymers, except, perhaps, in rare spec ifics cases. 

Somewhat better agreement between theory and experiment may be ob¬ 
tained if molecular orientation during flow is taken into account. The ap¬ 
pearance of birefringence in a polymer solution which is being sheared is a 
well-known phenomenon. It is generally accepted that this is due to par¬ 
tial uncoiling and orientation of the polymer molecules (as in highly elastic 
deformation). It is also fairly widely recognized that a similar effect 
may be present in the flow of molten polymers. Kauzmann and Eyring’^ 
have pointed out that in the presence of appreciable flow orientation it is 
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to be expected that the “constants” in the Eyring equation will depend 
upon the shearing stress. In the same vein, Kistler® reported that the 
viscous volume appears to decrease as the percent stretch of the polymer 
sample increases. Similarly, it was noted by Spencer and Dillon^ that in 
the case of polystyrene the quantity 0 of equation ( 1 ) was approximately 
inversely proportional to the effective relative extension of the polymer 
during flow. This they attributed to a decrease in the viscous volume with 
increasing orientation. 

Attractive as this approach may seem, only a qualitative improvement 
of the agreement between theory and experiment has resulted. It is dif¬ 
ficult, although perhaps not impossible, to formulate a connection between 
viscous volume and flow orientation which will at the same time appear 
reasonable and lead to a satisfactory explanation of the experimental facts. 
To this difficulty must be added another, which has not been mentioned 
up to this point: the magnitude of the values computed for the viscous 
volume.^’® *'^^ It invariably turns out that application of the Eyring 
equation leads to viscous volumes which arc very much larger than one 
would have anticipated. This is usually taken as signifying that the flow 
unit must consist of a whole cluster of polymer molecules.® This picture is 
certainly at variance with that obtained by following Eyring’s procedure^® 
for calculating the size of the flow unit from the heat of activation for vis¬ 
cous flow. This latter method gives values of perhaps ten or twenty mono¬ 
meric residues. 

An alternative possibility is to look for the dependence of apparent 
fluidity upon shearing stress elsewhere than in the hyperbolic sine term of 
equation ( 1 ). That which follows should be taken as merely a suggestion 
of a possible direction of approach to the problem. More elegant and 
satisfactory treatments are certainly conceivable. 

Let us assume that 0 is actually as small as might be expected from the 
heat of activation for viscous flow. In this case we can replace the hyper¬ 
bolic sine of equation ( 1 ) by its argument. Eyring^® has shown that in 
these circumstances the expression for fluidity becomes: 

0 « (V/hN) exp { - AF^/RT} - 

{V/hN) exp { - AH*/RT] exp { AS*/R} (3) 

where V is the molar volume of a flow unit, h is Planck’s constant, N is 
Avogadro’s number, R is the gas constant, T the absolute temperature, 
AF* the molar free energy of activation, AH* the molar heat of activation, 
and AS* the molar entropy of activation. Treloar and Saunders® have 
indicated that there is no significant dependence of the heat of activation 
upon shearing stress; this would seem also to rule out any influence of 
shearing stress upon V. It would appear, then, that the influence of 
shearing stress upon fluidity must enter through the entropy of activation. 
One way of bringing this about is to assume an asymmetrical flow unit, 
which is not too implausible, and which, further, is oriented in the direction 
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of flow in the activated state. This concept is not completely foreign to 
the polymer field. Lcvi^^ has suggested that certain phenomena encoun¬ 
tered in the diffusion of water vapor through polymers and in dielectric 
relaxation are best explained by assuming that the water molecule or the 
dipole is preferentially oriented in the activated state. If a similar situa¬ 
tion were the case in viscous flow, the activated state would be character¬ 
ized by a high degree of order. The degree of order in the normal state 
would depend upon the amount of flow orientation, and thus upon the 
shearing stress. That part of the entropy of activation which is associated 
with orienlation would be negative in sign, and would become more posi¬ 
tive (decrease in absolute magnitude) as the shearing stress increased. 
Referring to eciuation (3), we see that the fluidity would then increase with 
increasing shearing stress, as is observed experimentally. 

Now let us divide the entropy of activation AS* into a part associated 
witli orienlation, ASl and a part independent of orientation (in the sense 
in which we are using the word), AS*, so that: 

AS* = ASl + ASl (4) 

We shall adopt Eyring’s suggestion that P AV is negligible under usual 
experimental conditions, and so we may obtain ASj from the work of de¬ 
formation, AW *, involved in going from the partially oriented normal 
state to the more highly oriented activated state by means of the equation: 

AW* = -TASl (5) 

It is perhaps well to mention here that in the theory of rubber elasticity it 
is pointed out that only an entropy change is asscjciated with the uncoiling 
of a polymer molecule, the internal energy being independent of the molecu¬ 
lar configuration. The work of deformation AW* may be written as: 

AW* = AWl - AWl (6) 

the difference between the work, AWJI, done in going from the unoriented 
state to the activated state and the work, AW^, done in going from the 
unoriented state to the normal state corresponding to the given shearing 
stress. Substituting equations ( 1 ), (.'S), and ( 6 ) in equation (3), we ob¬ 
tain: 

4 . = (V/hN) exp { - exp {(ASVR) - 

{AW:/RT )} exp { AWC/RT] (7) 

The quantity will be constant for a given polymer at a given tempera¬ 
ture, and A'W*n will approach zero as the shearing stress approaches zero, 
SO we may rewrite eejuation (7) as 

<t>A = <^exp \AW*JRT\ ( 8 ) 

In computing AW*, we shall make use of the theory of rubber elasticity 
as formulated by James and Guth.^^ gQ doing, the assumption will be 
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made that the behavior on a molecular scale, when averaged over a large 
number of small units, is equivalent to the macroscopic behavior of a rubber 
network, insofar as the question of orientation and high elasticity is con¬ 
cerned. Our starting point will be the following relationship, for simple 
shear. 




(9) 


where t is the shearing stress, a is the shear strain, G is the modulus, K is 
the reciprocal of the maximum stretch, and (x) is the inverse Langevin 
function. The work of deformation in going from the unstrained state to a 
state of strain, <7, is: 

work per cc. = Jl*" r da (10) 

Substituting equation (9) in equation (10) and integrating, 

work per cc. = (G/iK^)[AlK(l + O’/*] - A(K)] (11) 

where: 

A(a:) = J'^ du = ar8-«(a:) - log 


It seems logical to assume that the orientation of a given flow unit neces¬ 
sitates a certain amount of cooperation on the part of nearby flow units of 
the same molecule. To obtain the work of deformation involved in orient¬ 
ing a mole of flow units we must, therefore, multiply equation (11) by 
71 y, where F is the molar volume of flow units and n is the number of co¬ 
operating units. This gives finally, 

AWl/RT = (nVG/iKmT) [A[/f(l + - MK)] (12) 

It should be noted that in the above equation R must be taken in units 
of ergs per mole per °C. if G is given in dynes per square centimeter. 

The relationship between rate of shear and shearing stress, for simple 
shear, is now defined by: 

log 4>a = log 4>, + '~f(k/^ (13) 


where the new function in the last term is found by eliminating a between 
the two equations 

F (k, 0 - A{K)) (14) 


and 


T 


G 


8-‘[A:(1 + <r*)'/*] 
ZK{1 -h (T*)'/* 


a 
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Various data on natural rubber suggest that K = 1/8, approximately, for 
this material. Figure 1 shows the corresponding function of equation (14) 
for this case. 



Fig. 1. Flow function of equation (14) 
for rubber. 



Fig. 2. Apparent fluidity of rubber 
at 140 ^C. versus the flow function 
(Treloar and Saunders). 


0 )« 



F(K.f ) 

,0^1-L_-1- 

10 20 30 

Fig. Apparent fluidity of rubber at 
50 ®C. versus the flow function (Treloar 
and Saunders). 


Let us now see how well this picture fits in with the experimental obser¬ 
vations of Treloar and Saunders® on the flow of masticated rubber. The 
procedure followed was that of trial-and-error adjustment of the value of 
G to see if a linear relationship could be obtained between log and 
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F(K,t/G). Figure 2 shows the result with the data obtained at 140®C., 
using a value G = 10® dynes/cm.*. The data obtained at 50®C. are shown 
in Figure 3, using the same value for G. In both cases good straight lines 
were obtained of very nearly the same slope. The values of 0o indicated 
by these lines are slightly higher, by a factor of 1.5, than corresponding 
values obtained from the same data by the empirical method to be dis¬ 
cussed later. From the slopes of the lines one can compute nV, arriving 
at a value of 39,400 cc./mole at 140®C. and 28,600 cc./mole at 50®. These 
are not to be taken too seriously as to absolute value, but the order of mag¬ 
nitude certainly suggests that a relatively large number of flow units co- 
coperate in the orientation process. 



Fig. 4. Apparent fluidity of 
polystyrene versus the flow func¬ 
tion. 


■ Before leaving the subject some comment should be made on the applica¬ 
bility of these equations to polystyrene. In this case K = 1/5, roughly. 
Unfortunately very few data are available on the flow of polystyrene in 
simple shear. The work of Buchdahl*® was carried out at shearing stresses 
too low for the results to provide a good example, but even here the data 
seem to fit in fairly well with the picture just set forth. A better example 
may be constructed by calculating the behavior in simple shear from the 
capillary flow data of Spencer and Dillon. An equivalent procedure is to 
use directly the empirical relationship set forth in equation (16). This 
leads to Figure 4, where we note that a fairly good straight line is again 
obtained, this time with G = 1.5 X 10® dynes/cm.* The intercept gives a 
value of <tx, about twice that given by the empirical equation, and the slope 
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suggests that perliaps about 70 flow units cooperate in the orientation 
process. 

Let us now consider briefly tlie empirical approach of Spencer and Dillon^^ 
to this problem. Observations of the capillary flow of molten polystyrene 
under a variety of conditions led them to suggest the following relationship: 


<f>A 


— 00 ^ 


l + *r + — + — + — 


) 


(15) 


From this it may be shown that the corresponding relationship for simple 
shear is 


0A 


= <^>0 ( 


, ,5 ^ 6 , 7 , 8 k^T*\ 


( 16 ) 


In both of the above eciuations is a constant expressing the extent of 
deviation from Newtonian behavior. At low shearing stresses the apparent 
fluidity increases linearly with the shearing stress; this type of behavior 
was also reported by Ferry® for concentrated polystyrene solutions. Up 
to moderately high shearing stresses equation (15) closely approximates an 
exponential function, as was observed experimentally by Spencer and 
Dillon.^ At still higher shearing stresses the relationship approaches a 
power law, reminiscent of the Ostwald-de Waele equation. 

The principal difficulty which has arisen in applying the above equa¬ 
tions is the question of a satisfac tory curve-fitting procedure. That is to 
say, what values of 0o and k give the best fit to a given set of flow data? 
The first method tried was to plot log 0^ against r and fit a straight line to 
the points, the intercept giving <^>0 and the slope giving k. This works 
fairly well at moderately low shearing stresses, but was not of sufficiently 
wide applicability to be completely satisfactory. A second method was 
patterned after that used by Mayo and Lewis“ in handling copolymeriza¬ 
tion data. Each experimental point was used to compute a whole set of 
corresponding values of <t>o and k. These values were then plotted, log 
versus k, to give one line for each experimental point. Ideally, the family 
of lines associated w ith a set of data should intersect at a single common 
point, giving the proper values of 0o and k for the data in question. Actu¬ 
ally, of course, the intersc^ctions scattered over an area, from which appro¬ 
priate values of and k could be estimated. Two disadvantages detract 
greatly from the usefulness of this method. First of all, it is much too 
tedious a procedure to be used extensively in analyzing data. Perhaps 
even more important is the fact that, in locating the “best” values of 0o 
and k within the area of intersections, it is very difficult to see just what 
weight is being given to the various experimental points. That is to say, 
there is no clear indication of just how' well the selected values of the con¬ 
stants fit the data, without replotting the empirical function. A third 
method was evolved to eliminate both of these difficulties. Equations 
(15) and (16) can be considered to be of the form 

0A = <hP{kT) 
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For each equation, then, log F was plotted against log (kr). From such a 
curve a Celluloid prototype was constructed on which was shown the curve, 
two axis guide lines, and a reference point located at Ar, F =* 1. In using 
this device, the first step is to plot the experimental points (on the same 
type of graph paper used in constructing the prototype) as log 0 a versus 
log r. The Celluloid prototype is then laid over the graph paper and its 
curve fitted to the experimental points by translation along both axes. 
When this has been done the coordinates on the experimental graph of the 
prototype reference point are read oflf. The coordinate on the 0 a axis 
gives 00, and that on the r axis gives 1 /k. This method is rapid and has 
proven to be entirely satisfactory, 

Spencer and Dillon^^ have indicated that equation (15) gives a satisfac¬ 
tory representation of capillary flow data for polystyrene. We have also 
attempted to apply it to the capillary flow of several ethylcellulose formula¬ 
tions. For some of these materials it works quite well, for others it does 
not seem to fit the data. The behavior of masticated rubber in simple 
shear, as reported by Treloar and Saunders,® is in excellent agreement witfi 
equation (16). It is to be hoped that future rheological studies of other 
polymers will provide suitable additional data for assessing the usefulness 
of these relationships. 

INFLUENCE OF TEMPERATURE, MOLECULAR WEIGHT, AND 
PLASTICIZER CONTENT 

Continuing with the empirical approach, two constants have thus far 
appeared in our description of the flow properties of polymers, 0o and k. 
In the discussion to follow, 0o will be replaced by its reciprocal, ryo, which we 
shall call the Newtonian viscosity. Consideration will now be given to the 
influence of temperature, molecular weight, and plasticizer content upon 
these quantities. 


TABLE I 

Influence of Temperature on Flow Constants of Polystyrene 


Temp., ®C. 

rjn poises 

k, cm.Vdyne 

250 

4.72 X W 

0 335 X 10“6 

225 

1 32 X 10» 

0.375 

215 

2.50 X W 

— 

200 

4.17 X 106 

0.353 

185 

2 17 X 10« 

0 346, 0 366 

175 

3 76 X 10« 

— 

165 

1 17 X 10^ 

— 

150 

8 45 X 10^ 


148 

1.07 X 108 

~ 

125 

1.40 X 10» 


110 

9.40 X 10» 

— 


Table I lists typical values of 170 and k for a polystyrene sample at various 
temperatures.^^ Table II presents similar information for rubber.® From 
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these and numerous similar data it appears that the constant k is relatively 
independent of temperature. The same conclusion was reached by Ferry® 
for the case of concentrated solutions of polystyrene in xylene. The New¬ 
tonian viscosity, however, turns out to be quite sensitive to temperature 
variations. This temperature-dependence is customarily characterized by 
the heat of activation for viscous flow, as in equation (3). Typical values 

TABLE II 

Influence of Temperature on Flow Constants of Rubber 


Temp., ®C. 

i}o poiaoa 

k, cm.*/dyne 

140 

1.67 X 10« 

0.247 X 10“8 

120 

2.50 X 10« 

0.236 

100 

5 50 X 10« 

0.270 

80 

1.37 X 10^ 

0.310 

60 

2.81 X 10" 

0 315 

.'>0 

2 78 X 107 

0 238 


for a number of polymers are listed in Table III. It is interesting to note 
that those polymers which have a tendency to crystallize also have the 
lowest heats of activation. This seems to be generally the case, and would 
be compatible with the concept of the activated state as one of a higher de¬ 
gree of order. 


TABLE III 

Heat of Activation for Viscous Flow 


Polymer 

AH*, 

koal./mole 

Referanoe 

Cellulose acetate-butyrate. 

. 78 

16 

Viiiylite VYHH.. 

Ethylcell ulose . 

. 60 

. 40 

16 

Vinylite VYNS. 

. 35 

16 

Polystyrene. 

. 23 

14 

Polyethylene. 

. 11 

16 

Polyisobutylene. 

. 10.3 

17 

Rubber. 

. 9 9 



The use of heats of activation implies that log t;o is a linear function of 
the reciprocal of the absolute temperature, which may be true only over a 
limited range of temperature. Spencer and Dillon^^ have reported a 
change in the apparent heat of activation of polystyrene at about 200°C. 
The data of Fox and Flory^^ on polystyrene and polyisobutylene suggest 
that the apparent heat of activation may well vary continuously with the 
temperature. Whatever the final decision in this matter, the heat of ac¬ 
tivation will probably still be useful in comparing the relative temperature 
sensitivities of various materials. 

It has been known for some time that polymer molecular weight is an 
important factor in determining the melt viscosity. Flory^® originally 
proposed a linear relationship between log i?o and the square root of the 
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weight-average chain length on the basis of work with polyesters. This 
relationship has been used by a number of workers, but later developments 
have shown that it is not universally applicable. A better representation 
is given by a power law, with the viscosity proportional to the molecular 
weight raised to a power between three and four. Polymers that behave 
in this fashion include polystyrene,^^’'’ polyisobutylene,'’ and the higher 
molecular weight polydimethylsiloxanes.'® 

It is generally assumed that polymer molecular weight does not seri¬ 
ously affect tlie heat of activation for viscous flow, but this cannot be con¬ 
sidered as a well-established fact. It has been reported by Fox and 
Flory'’ that the form of the viscosity-temperature relationship is inde¬ 
pendent of molecular weight in the case of polystyrenes only if the molecu- 
ar weight (number-average) is greater than 2S,0()(). A similar constancy 
was found for polyisobutylenes of a wnde range of molecular weights. 
These results suggest that AH* is at least not markedly dependent upon 
molecular weight. 

Spencer and Dillon'^ have reported that the constant k is independent of 
molecular weight as well as temperature. Reanalysis of their data, using 
the Celluloid prototype method, has shown that this is not true. Table 
IV lists values of k for polystyrenes of various molecular weights. It now 
appears that k is directly proportional to the molecular weight, in first 
approximation. The fluctuations evidenced in this table may be attrib¬ 
uted, in part, to variations in the content of very low molecular weight 
materials. For example, the 170,000 molecular weight polymer is known 
to contain a relatively larger amount of volatile constituents than the 
others. This has a tendency to raise the value of fe, as will be shown 
shortly. 

It is well known that the addition of solvents or plasticizers to polymers 

TABLE IV 

Dependence of k upon Molecular Weight (PoLYsi YRkNE) 


Wt.-av. 
mol. y/l 

k , cm.Vdynw 

k/M 

86,000 

0.0571 X 10-5 

0 664 X 10 

170,000 

0 250 

1 47 

196,000 

0 189 

0 964 

213,000 

0 153 

0.718 

228,000 

0 260 

1 14 

242,000 

0 .351 

1 45 

280,000 

0 367 

1 31 

294,000 

0 356 

1.21 

378,000 

0.455 

1.20 

490,000 

0.476 

0 971 

508,000 

0 526 

1.04 

510,000 

0.625 

1.23 

527,000 

0.435 

0.825 

560,000 

0.645 

1.15 

710,000 

0 634 

0.893 
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lowers the melt viscosity. Flory^® has suggested that the logarithm of the 
viscosity is a linear function of the square root of the weight fraction of 
polymer. This relationship holds fairly well in the intermediate concen¬ 
tration region, as illustrated by the work of Spencer and Williams.^^ At 
relatively lo>v<‘r polymer concentrations Martin’s equation gives a better 
representation of the data. Behavior in the high polymer concentration 
region also de\iales from Flory’s equation, and Wiley^^ has observed that 



Fig. 5. Dependence of the heat of acti¬ 
vation for viscous flow upon solvent content 
(Spencer and Dillon). 


Fig. 6. Dependence of the 
constant k upon solvent con¬ 
tent. The circled points are 
the data of Ferry* and the 
plusses are the data of 
Spencer and Dillon.*^ 


the limited data available suggest a linear relationship between log rjo and 
the square root of the solvent weight fraction. 

Various workers have observed that the addition of solvent lowers the 
heat of activation for viscous How. Little additional comment on this 
question is required at this point. Figure 5, taken from the paper by 
Spencer and Dillon,illustrates this effect for the system polystyrene- 
isopropylbenzene. 

It was reported by Spencer and Dillon^^ that the constant k increased 
with the addition of solvent. To this we may now add the observations 
of Ferry® in the more dilute region. In Figure 6 these data arc combined 
to show the dependence of k upon solvent content. It is to be noted that 
the polystyrenes used by both invesligators were of comparable molecular 
weight (about 360,000). 
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FI,OW ORIENTATION PHENOMENA 

It has been pointed out that when a hot polymer is sheared the mole¬ 
cules are partially uncoiled and oriented in the direction of flow, provided 
the rholecules are sufficiently flexible. At fabrication temperatures it may 
frequently happen that the relaxation time is quite short as compared with 
cooling times. In such a case the molecules will have a tendency to coil 
back up again as soon as the stress is removed. This has been observed as 
elastic recovery in coaxial cylinder viscometers, as, for example, by Ferry® 
and Buchdahl.^® In extrusion through a capillary it manifests as a swell¬ 
ing or “ballooning” of the filaments, as has been reported many times for 
rubber and for polystyrene.^ 

This ballooning of extruded filaments has been used by Spencer and 
Dillon^ to calculate the modulus of higli elasticity for polystyrene. They 
assumed that the average relative lengtii, a, observed for the filament was 
tlie volume average of the microscopic relative lengths, a. That is to say, 
in capillary flow, 

& = (Xm 2Tnadr (17) 

where Q is the volume rate of How, R is the radius of the capillary, r is the 
radial distance from the center of the capillary, and v is the velocity of flow 
at r. It now seems more logical to assume, instead, that the average shear 
strain, calculated from the ballooning as 

^ = a ~ (l/a) 

is the volume average of the microscopic shear strains, 

& = (l/Q) Jl^2wrvadr 

If we restrict ourselves to moderately low shearing stresses, 

Hookean behavior and write 

T ^ Ga (19) 

Inserting tliis in equation (18), we obtain 

G = Pp/2L& (20) 

where P is the pressure drop, L the length of the capillary, and ? is a sort 
of effective radius, defined by 

P ^ Jo^ rhjir/Jl^ rvdr (21) 

If we use the empirical flow equation (16) to calculate the velocity d, our 

final result is 


Thus 

(18) 

we can assume 


G - 


9 3 


^4 5. 6 7 AV® , 8 k^r*\ 

<5 6 7 2! ‘*'8 31 ‘^9 41 / 

(^1 + — j 


( 22 ) 
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where r is tlie shearing stress at the capillary wall. The rather involved 
expression on the right side of the above equation is actually relatively 
constant in value. It may be shown readily that 

lim G = O.SSSr/s- 

Ar-^O 

and 


Um G = 0.592r/a^ 

kT—*’tO 

Thus little error will be introduced if we were to assume 

G = 0.56t/^ (23) 

as a sort of average for the shearing stress range in which we are interested. 
The data of Spencer and Dillon^ would then give a value of G = 2.44 X 
10 ^ dynes/cm.2 for 360,000 molecular weight polystyrene. 

It has been reported^ that the modulus of high elasticity of polystyrene is 
relatively independent of temperature. Ferry® has reached a similar con¬ 
clusion from observations of the elastic recoil of polystyrene solutions. 
This is at variance willi the behavior of things like lightly vulcanized rub¬ 
ber, where both theory and experiment show the modulus to be directly 
proportional to the absolute temperature. A clue to the reasons for this 
differeiK'e ma> be found in a paper by Halsey and K^yriug.^*"* They showed 
that the presence of steric forces hindering free coiling could lead to a tem- 
perature-ind(‘{)endent modulus. It is interesting to note in passing that 
their work indicated that the form of the stress-strain relationship is iden- 
ti(jal for a variety of partially rubberlike systems, the difference between 
systems appearing in the modulus. 

Ferry® has reported a (correspondence between the elastic shear strain a 
and what amounts to (5/ 4)feT in our nomenclature, for polystyrene solutions 
in simple shear. Thus G = 4/5fe in the moderate shearing stress region. 
It is interesting to see if this correspondence still holds for bulk polystyrene. 
If we apply this relationship to the 36(),()0() molecular w eight polystyrene 
we obtain a value of G = 2.25 X 10® dynes/crn.^, which is in good agree¬ 
ment with the value just computed from elastic recovery data. This re¬ 
lationship between G and k fits in well with the behavior of k discussed in 
the last section. Both quantities are independent of the temperature. 
Addition of solvent raises k and is known to lower G. The quantity k is 
roughly proportional to the molecular weight, and it is not at all surprising 
that G should be inversely proportional to the molecular weight. More 
will be said on this point in a moment. 

Elastic recovery is an important factor in determining the surface char¬ 
acteristics of extruded filaments. This w as also pointed out by Mooney 
for the case of calendered rubber. Spencer and Dillon^* have observed 
that raising the shearing stress produces a roughening of the surface, and 
above a sharply defined value of stress the filanients take on a spiral form. 
They showed that the point at which spiralling begins corresponds to an 
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isoeloiigated state in which a = 3. Application of equation (23) indicates 
that the microscopic relative extension at the surface of the filament under 
these conditions is a = 5. This is approximately the maximum relative 
extension possible with polystyrene. The mechanism for spiral formation 
suggested by Spencer and Dillon was as follows: 

"‘The orientation in a filament is a maximum at the capillary wall and drops to zero at 
the center, along with the shearing stress. As the shearing stress is raised the surface 
eventually attains the maximum elongation possible for polystyrene, and further raising 
of the shearing stress only forms a thicker skin of polymer at maximum elongation. In 
this region we have a skin of maximum elongation and a core of constant average elonga¬ 
tion, all of the core being oriented less than the skin. The only things that change with 
shearing stress are the thicknesses of the core and skin. When the filament emerges 
from the capillary it cannot cool fast enough to prevent recovery of the orientation, 
under our experimental conditions. The outside skin would like to contract axially more 
than the less oriented core and thus compresses it. I'he system is now unstable and the 
core buckles into a spiral. This may be demonstrated crudely by analogy, by stretching 
a thin walled rubber tube over a soft solder core and clamping it in the stretched condi¬ 
tion. When the force is removed the system will form spirals, segments, etc., depending 
on the thickness of the rubber tubing and the amount of initial stretch. The similarity 
between the amfigurations exhibited by this model and those found in extruded fila¬ 
ments is rather striking.” 

If, then, spiralling begins at an isoeloiigated state in which a = 3 we can 
apply equation (23) and calculate the modulus from 

G = 0.21 Ts 

where is the capillary wall shearing stress at spiral inception. Table V 
shows how the modulus obtained in this manner compares w ith the modulus 
calculated from the k value. The sharpness with which the spiral incep- 


TABLE V 

Elastic Modulus from the Spiral Inception Point 


Mol. wt. 

G * Vik 

G ■“ 0.21 T# 

G'M (spiral) 

196,000 

4.23 X W 

2.96 X 10*^ 

5 80 X lOi® 

294,000 

2.25 

2.08 

6.12 

378,000 

1.76 

1.52 

5.75 

508,000 

1.52 

1 23 

6.25 

527,000 

1.84 

1.11 

5 83 


tion point can be defined experimentally suggests that this is a very good 
method of determining the modulus of high elasticity. The last column 
in this table reemphasizes the point that the modulus is inversely propor¬ 
tional to the molecular weight. 

As might be expected, Spencer and Dillon observed, further, that the 
modulus calculated from the spiral inception point was independent of the 
temperature, and decreased with solvent addition. 
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Resume 

L<* but princifial dt‘ cet article etait de demoiitrer rimporlance de rorientation d’- 
ecoulemenl. comine facteur determinant, sur le comporlement des polymeres an cis- 
aiilemenl. A la base de J’enti^rc discussion, on fait la supf)osition iniplicite que les 
deviations a la loi de Newton sont attribuables, en ordre principal, a Torientation d’- 
ecoulement. du moins pour les types de polymeres etudies ici. Sur cette base, une 
nouvelh' relation enlre la vitesse el la tension de cisaillenienl a ete deduite, et trouvee en 
accord raisoiinable a\ec h's resultats experiiuentaux. Utilisant une approximation plus 
empiriqiie, on a monire que le, comj>orteineiit h ree<»ulement d’un polyrni^re est carac- 
terise par deux quanlites, la visco.site Newtoniimno (ou Iluidite) et le module d’6lasticitc 
elevee. L'influence de la temperature, du |wads rnoleculairc du polymere, de la teneur 
en Emollient sur ces quantitAs a ete inontrck* par des exemples. Des phenomenes tcls 
que le gonflement et renroulement en spirales dc lilaments, onl etc discutes sur cette 
base. 


Zusammenfassung 

Das llauptziel dieser \ eriiffenllichung war es, die Bedeutung der FJiessungsorien- 
tierung als bestiinmender F5»ktor fiir das Verhalton xon Polymeren bei Scherbeans- 
pruchung zu beUmen. Die .schweigende Voraassetzung fiir die gauze Diskussion war, 
dassAbw'tdch ungen \on dt‘m Nowtonschen Geselz in erster Linie der Flicssungsorien- 
tierung zuzusclireiben sind, /ii minde.stens fiir den Polyniertyp, mit dem wir uns bes- 
chaftigen. Auf dieser (irundlage wurde cine neue Abhiingigkeit zv^ischen Sehergesch- 
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windigkeit und Scherdruck abgeleitet ujid es wurde gefuuden, dass sie zufriedeiiatellend 
init experimentellen Tatsachen ubereinstimmt. Mehr von der einpirischeti Seite be- 
trachtet, wurde gezeigt, dass das Fliessungsverhalten eines Polymeren durch zwci 
Grossen charakterisiert werden kann, die Newtonsche Viskositat (oder Fluiditat) und 
der Hochelastizitatsmodul. Der Einfluss von Temperatur, Polymermolekulargewicht 
und Weichmachergehalt auf diese Grossen wurde gezeigt. Phanomene wie Aufblahen 
und Verdrehen von abgestossenen Fasern werden auf dieser Grundlage diskutiert. 

Received July 10, 1949 
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Refractometric Determination of Second-Order 
Transition Temperatures in Polymers. V. 
Determination of the Refractive Indices of 
Elastomers at Temperatures from 
25 to -120°C.* 

Uir.llARD H. WILEY.t G. M. BRAUEH, and A. R. BENNETT, Fcno6fe 
Chemical Laboratory, University of North Carolina 


In previous papers a refractometric method was described for determin¬ 
ing second-order transition temperatures of polymers whose transitions 
(K'cur between 75 and — 60°C. ‘ In the present study, an Abbe refractom- 
eter has be<'n insulated and used to determine the refractive indices of 
polymers down to — 120°C. and the transition points of natural rubber 
and a number of synthetic rubbers. 



Figure 1 Figure 2 

EXPERIMENTAL 

Imiilaiiou of the Refractonieter, The insulation of an Abbe n^fractometer 
requires separate coverings for the two prisms to allow^ opening and closing 
and a connecting piece to conduct the cooling medium from one jacket to 
the other when the prisms are closed. The description of the procedure 

* Contribution from the Venable Cheniical I^aboratory, University of North Carolina. 

t Present address: Department of Chemistry, University of Louisville, Ijouisville 8, 
Kentucky. 
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used to insulate the refractometer for this work is described in three parts: 
(f) insulation of the prism jackets, (?) construction of the connecting 
piece, and (3) construction of the adapter for the liquid air tank. Figure 1 
shows the refractometer with sample mounted prior to closing with the 
connecting piece unmounted. Figure 2 shows the prism jackets closed 



Figure 3 



Figure 4 


with the connecting piece ready to be attached. Figure 3 shows the three 
parts in position, and Figure 4 shows the entire assembly. 

Insulation of the Prism Jackets, The four nipples used as inlet, inter¬ 
prism connectors, and outlet for the cooling medium path are removed, 
machined to accommodate bushings which will extend through the insula¬ 
tion, and replaced. The bushings to fit nipples a, b, and c, and the ther¬ 
mocouple well (e) as shown in Figure 5, are to be mounted in the connecting 
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piece. The bushing for nipple d is put in place. A retainer screw is 
mounted in a hole drilled and tapped in the prism jacket. This screw 
reaches through the connecting piece and an attached nut serves to hold 
this piece in place. The swinging gate covering the upper prism opening 
is removed. Wooden blocks are cut to fit the necessary openings to the 
prism and a cardboard baffle placed between the closed prisms. These 
pieces extend V 4 inch beyond the surface of the prism jackets and will be 
removed to leave openings for the light path and to separate the prisms. 
The insulating material (Insulag) was applied over the entire surface of 
the prism jackets, ex(;cpt at the hinge, as shown in the figures. The win¬ 
dows were cut from microscope slides and mounted with Vaseline in slits 
in the insulation after placing a piece of anhydrous calcium chloride in the 
space to be enclosed. 



Fig. 5. Side view of prism 
jackets: (a, b) interprism connec¬ 
tions; (c) inlet; (d) outlet; (c) T. 
C. well; (f) retainer screw. 


Connecting Piece, This unit (‘oinbiaed the inlet bushing (nipple c), a 
brass connector to unit nipples a and b, the thermocouple well busliing, and 
Iho attac hing screw bushing. These units are installed on the refractom- 
eter (insulatt*d as in llie previous paragraph) while on its side and are held 
in place with a metal template' which fits o\er the screw bushing and ex¬ 
tends to t'ach nipple. Wires wore twisted around the bushings to anchor 
them in the insulation. The insulated fac'e is greased with Vaseline and 
the units covered with insulation. 

Adapter. The adapter is fitted to the top of a standard 15 liter liquid air 
container and serves to conduct (he air stream (used as cooling medium) 
into the container and out to the refractonieter at its inlet bushing. It is 
an insulated tube with its side opening to fit and turn freely in the refrac- 
tometer inlet bushing and with its vertical shaft large enough to accommo¬ 
date a tube which extends dow n into the liquid air and is connected to the 
air line. 

The grazing incidence lec^hnique of Arnold and Wood*^ w as used with this 
refractometer by replacing the lower prism w ith a brass block of the same 
shape as the prism except for a slit opening along its face for illumination. 

Operation. The air for the cooling medium was taken from a 100-lb. 
pressure source and rcducc'd and controlled with a diaphragm regulator. 
The air was passed through a calcium chloride drier and a Dry Ice pre- 
cooler before introduction at the adapter. The tube extending into the 
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TABLE I 

Tbansition Point Data for Elastoiiers 


Source 


Polymer 


r„rc)b 

T^rc.)^ 

a«o 


An/»C.* 

of 

Sample/ 

Natural rubber®. 

-75 

-73 

-58 

1.5188 

3.6 

1.0 

RTA 

Chloroprene®.... 

-50 

— 

-38.5 

1.5578 

3.5 

1.0 

N 

Polybutadiene*.. 
GR-SX-387 (22% 

-85 

-88 

-66 

1.5190 

4.0 

1.8 

RRC 

Styrene)®. 

GR-S X-387 (ex- 

-67 

— 

-58 

1.5325 

3.9 

1.1 

RRC 

Iracted)*’* .... 
GR-S (25.5% sty- 

-65 

— 

— 

1 5337 

3 8 

1.4 

RRC 

rene). 

Polybutyl aery- 

— 

-61* 

““ 

— 

— 

— 

— 

late. 

-6.T 

__ 

-40 

1.4634 

3.7 

1 1 

Fi 

GR.I. Y-25 (3% 

isoprene). 

GR.I. Y-15 (2.5% 

-75 

— 

— 

1.5081 

3.0 

0.8 

EC 

isoprene). 

GR.I. R-2 (2% 

-79 

— 

— 

1 5080 

3.1 

0.7 

EC 

isoprene) ... . 

-80 

__ 

— 

1 5078 

3.1 

0.8 

EC 

Vistanex. 

Polyisobutylene 

-84 

— 

— 

1.5078 

2.8 

1.1 

EC 

(M.W. 233,000) 
Poly isobutylene 

-77 

—65 

50.2 

1 5077 

3.1 

1.1 

F 

(M.W. 11,000). 
Pol yisobu ty lene 

-77 

-65 

50.2 

1.5060 

3.2 

0 8 

F 

(M.W. 4900). , 
Polyisobutylene 


-78 

—~ 



— 

— 

(M.W. 4300). . 

-80.5 

-78 

-45 

1.5018 

3.0 

. 0 9 

F 


“ Refractoinetric method. 

* Coefficient of thermal expansion. From the literature. 

Brittle point. From the literature. 

Above Tm X 1000 =»= 0.1. 

« Below Tm X 1000 =*= 0.1. 

/ The authors wish to thank the various firms and individuals listed for generously 
providing the samples: RTA, Rubber Trade Association; N, E. I. du Pont de Nemours 
& Co.; RRC, Rubber Reserve Co.; Fi, Dr. C. H. Fisher (Eastern Regional Research 
Laboratory); EC, Enjay Company; F, Dr. P. J. Flory. 

9 Samples milled for 3 minutes. 

Extracted small strips of 0.3 g. of milled sample in three 30-ml. portions of 30% by 
\;olume solution of toluene in absolute alcohol (ethanol-toluene azeotrope) acidified 
with HCl at 80 °C. Total extraction time 24 hours. Washed, extracted twice with ace¬ 
tone and dried for 12 hours at 100° C. and 2 mm. Pressed the sample (see reference 5). 

* By heat capacity measurement. 

^ Value previously reported —70°C.* This difference in Tm is due to the fact that 
temperature readings were previously made by a thermocouple placed in the thermom¬ 
eter well of the Abbe refractometer. 


liquid air container c;logged up if the air was not completely dried but could 
be replaced quickly. By careful adjustment of the air flow, temperature 
control of =fc0.5®C. from —10 to — 120°C. was obtained for 10 to 20 min¬ 
utes while readings of the refractive index were made. Substantially 
lower temperatures could be obtained by passing air through a cooling 
coil immersed in liquid air instead of through the liquid air container, but 
this method has the disadvantage of poor temperature control and excessive 
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consumption of liquid air. At temperatures below — 120®C. the dividing 
line often becomes indistinct, possibly through loss of contact between the 
polymer and prism by differential contraction. It is also possible to ob¬ 
tain refractive index values down to — 120®C. using the Abbe refractom- 
eter without insulation, but again temperature control is difBcult and 
liquid air consumption is increased. The refractive index and transition 
points agreed regardless of the method of cooling. 

The temperatures were measured with a spot welded, flattened copper- 
constantan thermocouple (L and N, 1938 calibration) which was placed 
carefully, so as not to scratch the prisms, with the sample between the 
prisms. The thermocouple was calibrated down to — 76®C. by the method 
of Scott.® Temperatures measured in the jacket thermocouple well were 
always lower than those between the prisms. 

Refractive index readings were made most readily by the transmitted 
light technique, but the method of grazing incidence developed by Arnold 
and Wood® was also used. In the latter method the lower prism was re¬ 
placed by the brass block previously described and a pressed sample of 
about 0.02-inch thickness with a sharp, clear-cut edge was placed on the 
upper prism with the edge cut away from the observer. Both methods 
gave values for Ui, and Tm which agreed within the experimental error of 
=*=0.0002 in and of =±=2‘^C. in The method of grazing im ideiK'e has 
the advantage of (/) giving more distinct boundary lines, (?) avoiding 
possible scratching of the prisms, (3) easier cleaning of the w indows, and 
(4) no error in the value due to finite thickness of sample. How^ever, 
temperatures below — 110°C. could not be reached by this method. The 
adjustment of light source to obtain a sharp dividing line is much simplified 
in the observation by transmitted light. 

RESULTS AND DISCUSSION 

The data for the polymers examined in this study are given in Table I. 
The se(*.ond-order transition temperatures determined refractometrically 
agree with those obtained by the more tedious thermal expansion methods 
where the data are available for comparison. Several polymers not pre¬ 
viously investigated are included in the table. The recorded brittle 
points are uniformly higher than the transition temperatures. 

The data for the fractionated polyisobutylene show little change of tran¬ 
sition temperature in the range of 4300 to 233,000 molecular weight. Pre¬ 
vious data obtained by iJberreiter’ for polyisobutylene showed a drop from 
— 65°C. for a polyisobutylene of molecular weight 200,000 to — 78®C. at 
4000 molecular weight. Previous comparisons® of fractionated and unfrac¬ 
tionated polyethyl acrylates showed the transition temperatures of frac¬ 
tionated samples to be higher than those of unfractionated samples. This 
is not consistent with an assumption that Uberreiter’s samples were un¬ 
fractionated. In the absence of additional data on the history of Uberrei¬ 
ter’s samples it is diflicult to clarify this discrepancy. Thermal expansion 
measurements with polyisobutylenes are known to involve difficulties.® 

Values for the transition temperature of GR-S before and after extrac- 
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lion of antioxidants and other norihydrocarbon organic impurities, such as 
soaps and fatty acids, are —67 and — 65°C., respectively. These values 
are within the limits of accuracy and indicate that these ingredients in the 
commercial polymer do not significantly affect the transition point. 

Emphasis in this work has been on relative and not absolute accuracy of 
rijD readings. No correction was made for the change in the refractive 
index of the prism itself due to the low temperature. The change of the 
refractive index of glass is known only in the range of 15 to lOO^C. and 
amounts to 0.65 X 10per degree.® It should be smaller at lower tem¬ 
peratures and hence the error introduced is probably only slightly larger 
than the experimental error. Experiments designed to establish the ab¬ 
solute accuracy of the refractive index values obtained in the Abbe refrac- 
tometer over tlie wide temperature range used for the first time in this study 
are being conducted. Tliis problem is complicated by the fact that there 
are no primary standards available for direct calibration experiments. 

'Fhis work was completed under Contract N7onr-281-, Task Order III between the 
I niversity of North Carolina and the Office of Naval Research, Navy Department, as 
part of project NR 054 079. This support is gratefully acknowledged by the authors 
and the University. 
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Resume 

Les \ ariatioiis de I’indice de refra(;tion eii fonclion de la temperature, jusqu’^i —120®C., 
sont donnees pour une serie de poly meres analogues au caoutchouc, qui pr6sentent un 
point de transition de second ordre a des temperatures, uif4rieures k —60 °C. Ces r^- 
sultats indiquent une variation de tangente qui silue la temperature de transition, line 
technique d’isolement du r6fractornelre standard de Abbe et un syst^me de refroidisse- 
rnent de celui-ci a Tair froid pour faciliter les operations jusqu’a —120® sont d6criles. 

ZusammeufasBung 

Refraktionsindex-Temperaturdaten bis zii — 120°C. herab werden fur eine Reibe 
von kautschukahnlichen Polymeren Berichtet, welche Transitionen zweilt?r Ordnung 
bei eiiier Temperatur unler —60® haben. Diese Daten zeigeii eine Anderung der Nei- 
giiiig, die die Transitionsternperatur festlegt. Eine Methode zur Wlirme-Isolierung des 
Standard Abb6-Refraktometers und zur Kuhlung mil geklihlter Lufl, um das Arbeiten 
bis zu — 120®C. herab zu ermoglicben, wird beschrieben. 
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I. INTRODUCTION 

Several experinnnilal and theoretical investigations of the kinetics of 
depolymerization reactions are to be found in the literature. Older experi¬ 
mental work dealt mostly with the chemical attack of cellulose, starches, 
and other materials. These processes are step reactions and the various 
theoretical approaches were formulated accordingly.j|^ principle, the 
kinetics of the homogenc'ous, stepwise degradation appears solved for any 
dependence of the rate constants on chain length and position of susceptible 
bonds. The (‘xperiments mentioned indicate that the splitting occurs in 
the main at random with, at the most, a special position occupied by the 
terminal bonds. During the last few years earlier work on the thermal 
decomposition of polymers^"® has been extended in several laboratories. 
The change of molec ular weight and the size distribution have been ex¬ 
amined®" and the volatile products analyzed.® ^ The results vary widely 
with the chemical nature of the system. In general, they do not corre¬ 
spond to random splitting. The amount of monomer is larger and the de- 
c rease of molecular weight, where measured, smaller than would follow^ 
from such a mc^chanisrn. At first sight one might attribute this to prefer¬ 
ential production of monomer from the chain ends in a stepwise fashion, a 
case which has been treated previously.^ However, no quantitative agree¬ 
ment is obtained. Furthermore, on general grounds and considering the 
evideiu'c prc^sented by the decomposition of hydrocarbons of low^ molecular 
weight, one is I(‘d to assume that the cracking is a chain process, cdiaracter- 
ized by at least an initiation, propagation, and termination and, very likely, 
also transfer. Consequently, the ecfuations previously derived are not 
immediately applicable. It will be shown later that (hey represent special 
cases of the gene^’a! results for cdiain reactions. 

In this paper a chain process is treated. The assumed reaction scheme 
may not completely cover all possibilities, since it has been somewhat 
simplified to facilitate the mechanics of solution of the rate equations, ft 
should, nevertheless, provide an adequate basis for future treatments of 
depolymerization reactions of the chain type. 

The final result can be stated as follows. If and as long as a steady state 
in respect to the depolymerizing radicals exists, the course of the (diain re- 

61.5 
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action is approximately equivalent to that of a step reaction. The effec¬ 
tive rate constants of this step process depend on the position of the bond 
to be broken. 

In section II the reaction scheme is discussed and the corresponding rate 
equations are given. Section III contains the derivation of the radical 
distribution and the final rate equations. In the fourth section the solu¬ 
tion is obtained and special cases are considered. 


II. REACTION SCHEME 

The steps of the free radical mechanism are presumably analogous to 
those in polymerization. Transfer should be relatively more important 
because of the high temperatures involved. We consider the following 
set of reactions: 


H H H H H H H H 

—C—C——C* -{- <^C—C* Inifiaiion 

HXHX HX XH 

H H H H II H H H 

—C—C—C- -► 'vwC—C* 4“ C==C Propagation 

HXHX HX HX 


H h;* ” 
—C* -f* 
H X 


M H 

—C*“i 

X H 


H H 
X H 


H H 

11 

'C—CH -|- 

/vwC=C 4* 

H X 

X H 


H H 


• C— 


X H 


H; H iHj H lU H H H H 

C—C—C—C* -► 'vwC- 4- C—C—C—CH 

XiHXHX X HXHX 


2 radical -> 2 fK>lyiner 


Transfer {inter- 
molecular) 


Transfer (intra¬ 
molecular) 

Termination (dis- 
fmiporiiona- 
lion) 


Initiation is very likely due to several causes such as thermal effects, 
catalyst fragments, chemically incorporated oxygen, and weak bonds pro¬ 
duced in the termination step of the polymerization reaction. Although 
the initiation is probably a composite of all the above factors, we have 
limited our treatment to the cases of random and terminal initiation, 
respectively. Any differences in reactivity between different types of 
radicals will be disregarded. Propagation is takeu to be the reverse of 
growth, and radicals are envisioned to be the same as in polymerization.^® 
A radical may be stabilized by transferring its activity to a stable molecule 
which decomposes into two fragments, one of them a radical, the other a 
stable'Chain. Transfer is presumed to consist in the abstraction of a hy¬ 
drogen from another molecule. It is also likely that a radical can react 
with a hydrogen from its own chain, the most probable positions of attack 
being from the third to the seventh carbon atoms adjacent to the radical 
end. 

Since this step is probably the distinguishing feature in the chain deg- 
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radation of diflferent systems, a discussion of the factors involved is de¬ 
sirable. Competition between the two types of transfer can widely alter 
the nature of the degradation process. In the intramolecular kind, local 
coiling plays a role. Hence, steric effects are important. This can be 
seen in the case of dienes, although here the unsaturation in the chain is a 
more favored locus of attack than a hydrogen atom. Copolymers of vari¬ 
ous dienes with styrene produce relatively more diene monomer and less 
dimer because of the isolation of the diene unit. This would indicate that 
a large fraction of the measured dimer is derived from adjacent units. It 
is also found that the relative amounts of the monomer of butadiene, iso- 
prene, 2,3-dimethylbutadiene, and 2-methyl-l,3-pentadiene increase in 
this order on pyrolysis of the simple polymers.® It will be noted that the 
extent of steric hindrance which opposes coiling follows the same sequence 
and reduces the probability of forming larger than monomeric species. 

Similarly in vinyl polymers intramolecular transfer may produce dimer 
and trimer unless steric factors interfere. In the mathematical analysis 
intramolecular transfer will be regarded as a special case of propagation. 
The term transfer will be restricted to the reaction between radicals and 
otlier polymer molecules. 

Transfer and termination both increase the number of molecule ends 
present. Thes(‘ favor the ultimate production of nonmonomeric volatile 
material. Thus, the monomer yield obtained should be a measure of the 
kinetic chain length. In addition there appears to be a qualitative cor¬ 
relation between the monomer yields and the probability of transfer as 
deduced from the structure of the polymer. At least two factors need to 
be considered, the reactivity of the radicals and the presence of susceptible 
hydrogen atoms along the polymer chain. Hydrogens attached to a sub¬ 
stituted carbon, such as the tertiary one on the phenyl-substituted carbon 
in polystyrene, are known to be readily attacked. If these hydrogens are 
replaced by methyl groups we find polymers which degrade rather cleanly 
into original monomer, e.g,, polymethyl methacrylate, and polyisobutene.® 
The methyl group presumably also renders the radical less active. The 
phenyl group apparently stabilizes the styrene radical to such an extent 
that a good monomer yield is obtained although reactive hydrogens are 
present. This group may also sterically impede the transfer process. 
Transfer should, however, be less prevalent in polymethyl methacrylate 
than in polystyrene. Where traiisfer appears probable because of the 
reasons cited, such as in polymethylacrylate and polyethylene,® very low 
yields of original monomer are obtained. Polytetrafluoroethylene, where 
the tightly held fluorine atoms make transfer unlikely, decomposes almost 
totally into monomer. 

In order to facilitate the mathematical treatment, disproportionation 
has been assumed to be the only termination step. 

Based on the general reaction scheme just described, it is possible to 
formulate the following mathematical representation. In what follows, 
Pn denotes the number of stable polymer molecules with n carbon atoms, 
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as well as the general type molecule of that weight. Pat is the original 
polymer, Pi/(0) its concentration at time zero. Since we are here consider¬ 
ing units of two carbon atoms, P 2 is the monomer. Correspondingly, 
radical sizes and concentration are denoted by Rn- The four general steps 
of the reaction scheme are then: 


Initiation: 


Propagation: 


Pn -^ Ri + or Pn -► /?n-2 + ^2 

2 g i S n - 2 

Rn ^ Rn-2 + P2 


Transfer: 


Ri + Pn -> Pi + Rj + Pn-J 2^j ^n-^ 2 

4 g n g 


Termination: 


kA 


Ri + Rn -^ Pi + Pn 


( 1 ) 


No distinction has been made betweeti radicals crt'aied by initiation and 
transfer. There are three types of stable molecules that can participate 
in the transfer process, namely, those having either double bonds or satu¬ 
rated carbon atoms at both ends or one of each at either end. There are 
three different numbers of possible transferable hydrogens, vi:., n — 4, n — 3, 
and n — 2, respectively, for the molecule with two double bonds, one 
double bond with the other end saturated, and finally two saturated car¬ 
bons. An average value, n — 3, will be used. Equation (1) leads to the 
following rate equations: 


dRs-^/dt = (2fei + kzR)P^ - [fe, + kji + k,'t a - 

= (2*1 + k,R) £ p,-\k, + kji + k^j:(i- 3)P, 

A'-l L 4 J 

‘ dRJdt = (2*1 + *,fi) E ^4 + *2««+2 - 

n 4*2 

j^*s + * 4 /? + *3 E a ~ 3)/*tJ Rn 4 ^ n ^ AT — 4 
dRt/di = ( 2*1 + *3/?) E ^4 "I" kiRi ~ j^*4-R + *3 E (*' ~ 3)PjJ/f3 

dR 2 /dl = ( 2*1 + *3if) E P< + kiR, - ^hR + *3 E (i - 3) Pijp* 


(la) 
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^ -(N- 3)(fei + kJt)P„ 
dPs-i/dl = -(TV - mki + k»R)P^., 

dPn/dl = - (n - 3)(*, + kJ{)P^ + kmn + kz't a - i)Pi R„ + 


kiR Yi Pi 

n+2 


3 ^ n ^ N - 2 


dP,/dt - hZ Hi + \kji + h^a - 3)P,1/?2 + kJ{^P, 

4 L 4 J 4 


R denotes the total number of radi(‘als. In the alternative assumption for 
the initiation step tlie sums in the ki expressions reduce to their first term. 
Summation of the radical equations leads to the auxiliary relation: 

dR/df - 2k, E (/ -- 3)P, ~ k,R^ (2) 


Equation (la) represents a nonlinear set in the P^s and Pfs for which no 
analytic solution can be f^iven. We shall confine ourselves to a situation 
in whi('h a steady state concentration of radicals is maintained. This is 
not realized at the ver> start of the reaction and on approa(;hing (‘ompletion. 
The “inductioir' period, f.e., the time necessary to roach initially a steady 
state may be estimated by integrating equation (2). Here the first term 
may be consid(‘red to b(' nearly constant, since /V is large, and equal to 
2kiI\Pf^{{)), lleiK'e: 


P(0 = 


^PsiO) 


pA 


+ i 


with 

2X = [2feiife4A^P^(0)]”‘/^ = 1/^4^ 
where R now indicates the steady state value: 

R = [|~ AP^(O) j (3) 

Since the duration of the over-all reaction is inversely proportional to the 
initial constant ku the familiar condition for the maintenance of a steady 
state results, viz. 

ki/kiR 1 


III. THE RATE EQUATIONS 

The approximation introduced transforms the differential equations for 
the radical species into difference equations: 

dRn/dl = dR/dl = 0 
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In view of equations (2) and (3) we define the quantities: 

a = hz ktR + (ktkt/2ki)It^ 


fin) = (2fe, + kzR) 




HP, 


(4) 


and obtain the following set of relations from equation (la): 

aRs-i = fiN) 

= fiN - 1) 

aRn - fe /?,+2 = /(n + 2) 4 g n g A' - 1 (o) 

(a — kt)Rt — kzRz = /(5) 

(a — k^Rt — htRi = /(4) 


Assuming A^ to be odd, the solution is: 


Rn = 


1 /fe\‘ 


a 1-0 \a 


fin + 2i + 2) 


1 (V-i.-2)/S /A\* 

- E (-)/(« + 2i + 2) 

a 1-0 \a/ 

1 (iV-0)/2 /jL\i 

fl2 = r-^ E (^)/(4 + 2i) 


fl, = 


(a — fe) t »0 \a 

1 /fe2\‘ 


{a — fe) t»o \a 


E P /(5 + 2i) 


n even; 4 ^ n ^ A^ — 3 
n odd; 5 ^ n ^ A — 2 

( 6 ) 


The physical significance of this result is apparent, fe/a is the probability 
of reducing the size of a radical by one monomer unit. Each term in the 
sum measures the probability of producing a specified radical from an ag¬ 
gregate containing molecules of a given minimum size. 

In order to avoid in the final result the distinction between even and odd 
species, we combine two radicals of successive size, n and (n -t- 1). Doing 
the same for the stable polymer, we define 


and set 


Qn = Pn + Pn+l 

Pn * Qn/2 


(7) 


This introduces an appreciable error only when n is close to N. Next the 
radical distribution is expressed in terms of stable polymer by means of 
equations (4) and (7). If n now signifies an even number, one finds by 
straightforward evaluation of the sums: 
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Rn + Rn+l 

/?2 + Ri 


(2fei + feafl) r 

( a - fe ) .^0 L 

a(2fei + fesfl) fl 

(ot — fe) /To L 


ft + 3fe2 
4ft \a/« 


Qn+2f+2 


ft + sfe /^Y 

4ft \a / _ 




(6a) 


It will be noted that the factor in each bracket is approximately equal to: 




ft 


This in turn is proportional to the total number of ways in which a com¬ 
bination Rn + /?«+! can be produced by initiating a species 0 «+ 2<+2 and then 
degrading it to a size n. The differential equations (la) can now be re¬ 
written by means of equation (6a). Replacing (n — 3)P„ + (n — 2)Pn+i 
by (n — 3)Qn one finds the final rate equations: 

^ a n 
di 

^Qn An I O / 

= -^AnOn + 2 ( Ao — QnA -2 + 

(,V-„_3)/2 

2 ^ A<()«^2<+2 4 ^ n ^ — 3 (lb) 


di 
with: 


= kj{ 2 ( 




(.V-6)/2 

. . + 2 2 ^iQt+si 

‘if 1 = 1 


A„ = (fei + kzR)(.n - 3) 
Ki = (2*. + kjt) 

a(2ki — a) 




(a - hY 


4a 

(2fei + kzB) 




+ kzR 

+ 3^2 


4ft 


+ kiR 


Here n assumes only even values. Equation (lb) represents approxi¬ 
mately a step reaction of the general type treated previously.^* The deg- 


* There is no strict equivalence, as can be seen by inspection of the geiicial rate equa¬ 
tions for steplike degradation, eq. (1), of reference 1. If the rate constants are inde¬ 
pendent of chain length, a certain relationship must obviously exist belwetMi the coef¬ 
ficients of the negative and positive terms. It expresses the fact that molecules decom¬ 
pose in the same fashion in which they are produced from their parents. If eq. (lb) were 
to conform to this pattern, the following relation would be required to hold: 

(n-6)/2 

An = Ao — (^sH/4) -f* ^ A, 

This is fulfilled apart from terms which are negligible for large n, if fea/a is small. Other¬ 
wise a given species is produced by initiation and subsequent propagation, termination, 
and/or transfer from its parents, while it is annihilated by initiation and transfer. 
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radatioii constants Ki depend in a specific manner on the position of the 
link to be broken. Since by definition fe/a < 1, bonds in the interior of 
a given chain are split more readily than those nearer the end. This is, 
of course, not an effect due to changes in bond strength or other energetic 
factors^ The actual constants of the chain reaction have been ,assumed 
here to be independent of chain length or position within the chain. The 
nonrandomiiess effectively occurring is a purely statisti(uil effect, as dis¬ 
cussed above in connection witli equation (6a). This effe(;t should be kept 
in mind when weak spots are postulated in order to interpret kinetic re¬ 
sults. 

It is rt 'ily shown that, if initiation of the molecule ends prevails, de- 
coinposit near the ends will be more frequent. 


V. SOLUTION OF RATE EQUATIONS 


The solution of the system (lb) has been previously given.’ It has the 
form : 


Qn{i) 


N-1 


E 


hittnie 




4 ^ n ^ iV — J; / even (8) 


The hi are determined by the initial conditions. The constants ani vanish 
for n > L For the remainder one has the following linear system: 


(Aj — Ai)aji = 2A(;_;_2)/2 dll + 2 + 

a -;- 0)/2 

2 ^ lA-ldHWiJ 

1=0 - 


(9) 


Equations (8) and (9) represent the complete solution of the system (lb). 
From (9) one obtains all aji, j < /, in terms of an. For large values of I 
and j /, one may consider the corresponding integral e<}uation of the 
infinite set. For our purposes, however, a different analysis is preferable. 
The important parameter is the number average kinetic chain length, 

1/e = a/(a — ^ 2 ) 

If 1/c is small in comparison with the degree of polymerLation, the chain 
length of the degraded molecule will be largely determined by the position 
of the initial point of attack. This condition should be approached when 
transfer is an important factor. Although the actual process may still be 
quite different, it will tend toward the limiting case of random degradation. 
A relatively broad size distribution results. The randomizing effect of 
transfer is also apparent from the definition of the /f/s, equation (lb), 
where it is represented by a term kjt independent of L On the other hand, 
the average kinetic chain length may be large. Then small molecules and 
monomer will be preferentially formed and the measurable molecular weight 
will not be very much affected. Equation generally valid and suc¬ 
cessive approximations along either of the tw' en. med can be ob¬ 
tained. The zero approximation correspoi^uii ti( to. random 
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breaki’^g has been discussed in previous work. In the specific cases of 
interest here it is apparently not realized except possibly in polyethylene, 
The detailed analysis for random initiation will be limited to the case tN/2 
<1. In the absence of transfer this leads to an extreme distribution, 
consistiil ’ mostly of original material and very small species. The tiansfer 
reaction will modify this pattern and cause the appearance of intermediate 
sizes, mainly through the polymer initially present because of the large 
kinetic chain length. 

The solution of the set of equations (9) can be expanded in a power series: 


{j) + ... ’ (10) 

(III 

The A'i’s can b(^ similarly expanded and a recurrence rel ' between 
\ ^ 2 ^ • • • etc. e'slablished. One finds, if fej = 0: 

- (/ - j) + ...] = 2(1-j)-l- 


E [1/ + 3 - e<(2t + 1) + ... J - + 2 + 2i) + 


+ 2 + 2t) + ... ] (9a) 

Neglecting terms of higher than second order in €, the result is: 

(/ - = - [2(/ - y) - I ]: (I - j)ti‘\j) = 

(/_- j - 2)^/ - J ^l) 2{l -j -2) -a- I 

2 , ^ ^ (/ _ y _ 2 - 2i) 

The sum can b(* immediately evaluated in terms of the \f/ function 

m + c = E i/i 

t=i 


where C, the Ejler-Mascheroni constant, has the value 0.57722. For 
large values of the argument the following expansion is valid: 

*(„) . 1„ „ + 1 + 0 (i) 

This leads to: 



By means of ref tio»' ' ^'d (11) all hiUji, j /, (‘an be expressed in 

terms of/vitti jb ^ condition it will be assumed thatO„(/ = 0) = 
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0, n — 1, Qir-i(t = 0) = Qjir-i(0). The introductioii of an initial 
molecular weight distribution complicates the formulas without producing 
anything fundamentally new. If an appreciable amount of low molecular 
weight material is present to start with, it will tend to keep the average 
molecular weight constant, since it is more likely to be completely degraded 
than the larger molecules in the distribution. From equation (8) one has; 

N-l 

Q»(0) = 0 = ^ hiOni', hfi-iatr-ijii—i = Ow-i(O) 

l"»n 

By means of equation (11) one obtains, neglecting cubic and higher terms 
in €: 

= (2 - jv _ I, _ 1 ) «<?v-i(0) + **l?(n)Qiv-i(0) 

( 12 ) 

The expression for g{n) can be simplified, since )V is a large number. For 
n as AT or 1 « )V each factor in the sum approaches the value 3/2, while for 
n A^, it is 2 or 3/2, depending on the value of /. Neglecting In (N — n) 
in comparison with (N — n)/2, that is for {N — n) > 100, the factor may 
be replaced by 4. Similar approximations are made in the other terms. 
The final result fw the molecular weight distribution as a function of the 
reduced time t = kj. is: 



0 »-.( 0 ) " 

and, neglecting the radicals present: 

2(3*(r) * (AT - l)(?Ar-»(0) - J: n(?.(r) 
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For the relative number average molecular weight excluding monomer we 
obtain up to linear terms in c: 


ig.(r) 

M(0) 


1 + 2* 


iN+l)(N 

-5)1 

L(A^- 

■ 1)^"^ m-1) J 

1 + 2* 

(A^-5)1 

-4 2 _ 



(13) 


with: 


4 1 — e 


Trll 




2e-*\2 - c-*0 - - 1) - (A? - 3)e-*T 

? - -- 


To a given value of t there corresponds a degree of conversion 
1 — V* = 1 — «»’■ V 

r (A^ - i)Qa,_i(o) 

,(V-l)r AT-3 (A'+l)(A^-5) 


/ r If-3 

L(/v -1) ? 


ne 


4iN - 1) 


]} 


(14) 



Fig, 1. Change of molecular weight ratio with extent of reaction^ equa¬ 
tions (13) and (14), for various values of the kinetic chain length 1/c: (4) 
N « 1000, € - 10~n (B) N « 1000, c « 5 X 10-“^ (C) N « 1000, e = lO"*. 
The plot for N « 500, « « 10~*, practically coincides with curve B. 




m R. SIMHA, L. A. WALL, AND P. J. BLATZ 

Figure 1 shows plots of the change in molecular weight for various values 
of the ratio between initial degree of polymerization and kinetic chain 
length. For the largest value of e used, the linear approximation, equation 

(13) , is no longer sufficient, and the curve has been included only in order 
to show the trend. As is to be expected, the molecular weight of the resi¬ 
due remains practically constant to higher degrees of conversion for larger 
values of the kinetic chain length. In the summation (13) all species up¬ 
ward from four carbon atoms have been included. Had a liigher limit 
been chosen in correspondence with the actual experimental possibilities, 
the molecular weight of the residue would have remained unchanged over 
even longer degrees of conversion. 

These results permit a rough estimate of the orders of magnitude of the 
rate constants when the kinetic chain length is large. For the values of 
€ assumed, the reaction is complete at t = 10“^ according to equation 

(14) . In most experiments this corresponds to about one hour. Hence, 
ki = sec.~^ An induction period of one minute gives kiR = 10~2 
sec.“^ and fe of the order of 10 sec. ^ Lower values of the induction 
period lead to higher estimates of the propagation constant. 



Fig. 2. Molecular weight distribution, equation (8a), at early and late 
stages of the reaction: (A) N «=» 1000, € *■ 10“^, 9% conversion; (B) N 
1000, c » 5 X lO*'^, 9% conversion, first approximation in respect to c; (BO 
same as in B, second approximation in respect to c; (C) N » 1000, c » 10~S 
99*9% <5onversion; (D) N ** 1000, e ■■ 5 X 10"*, 99.5% conversion, first 
approximation in respect to e; (DO same as in D, second approximation in 
respect to c« Ordinate scale for curves A and C should he divided by ten. 
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In Figure 2 the molecular weight distribution of the reaction products is 
plotted for various degrees of conversion. It is seen that the second ap¬ 
proximation, t.e., larger values of e, favors smaller chain lengths at the later 
stages of the reaction. Equation (8a) indicates that in the first approxi¬ 
mation all small molecules are produced from the original material 
only. When the kinetic chain length is reduced intermediate products 
also give shorter species. 

Finally we indicate briefly the results for the case in which initiation oc¬ 
curs at the chain ends only. The concentration of radicals then depends 
on the total number of polymer molecules as is seen by the modification 
of equation (2). Consequently, we would expect the steady state ap- 
proxirnalion to be less satisfactory than previously. Proceeding as before, 
one has the following system of rate equations when chain transfer is un¬ 
important: 


dQ^-i 

dt 

d(h 

di 

d(h 

dt 


— — 2kiQi^-\ 


= -2<eiO„ 


(A - n-Z)/2 

+ 2ki€ ^ 

t = 0 



Qn+2i+2 


= — 2ki 


(2/?2 - a) 

(a - h) , = o 



4 g n ^ /V - 3 (lb') 


Thus, as indicated previously, bonds near the chain ends are preferentially 
broken. The solution of this system no longer consists of a sum of exponen¬ 
tials, but lias the form: 


(Ur) = C>v-i(0)^' 


■0 


(V-«-3)/2 (.v-n-3)/2/,V — n 

E 

1=0 I 


2 

i 


with T = 2kii, For small values of 6 this reduces to: 



(i +1)1 
(«') 


Qat-iCO) 


(re 


- *2 


(N - n 


-(-a 




= e 


(8a') 


The relative number average molecular weight of the mixture excluding 
monomer is given by the equation: 


1 + «T 


J?n(r ) 

M(0)’ 

(N + 1)(N 


4(7V - 1) 


^ _ r^Y A'-7)(,V-5)( A^ + 3) 

‘ V 2 / 24(A - 1) 


1 -|- *T 


N - 5 


-■(-!) 


(N - 5)(/V - 7) 


(13') 


2 


8 
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The degree of conversion is obtained by multiplying the numerator of 
equation (13') by e~^ and subtracting from unity. If the critical factor 
tN is very small, the molecular weight distribution, equation (8a'), is in¬ 
dependent of n, all sizes between the original one and the monomer being 
equally frequent. Hence, for large times, when the concentration of initial 
polymer is negligible, the average molecular weight tends toward half the 
original value. In a second approximation, and for values of r < 2, large 
chains are slightly preponderant. Toward the end of the reaction, how¬ 
ever, the situation is reversed. This occurs at about 80 percent conver-' 
sion for the values of N and e used here. Equation (13') contains the first 
terms of an expanmon in r and hence is not valid in the limit r —» <». 

The pertinent constants are readily evaluated from equation (13'). 
The reduced time necessary to produce a measurable decrease S in the 
molecular weight ratio obeys the equation: 

re = 4«/(l - 2S) 

in a first approximation. In practice one has i ^ 0.1. The data on a 
sample of methyl methacrylate with M = 94,000, N — 1880^ indicate a 
decrease of 10 per cent in molecular weight at a conversion of about 40 
percent. Equation (13') then yields « « 4 X 10~‘. 



Fig. 3. Change of molecular weight ratio with extent of reaction* 
equation (13'): N - 1000, € - 5 X 10“^ 


Figure 3 shows a plot of equation (13'). The trend of the curve is the 
same as in Figure L In the opposite limit of small kinetic chain length, 
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1/e ^ Nf equation (80 is to be expanded in powersof kz/a. It has already 
been remarked that the zero-order approximation is equivalent to a prac¬ 
tically random step reaction, if the points of initial attack are distributed 
along the whole chain. If they are situated only at the chain ends, the 
reaction corresponds to a stepwise splitting of terminal bonds. Actually, 
in the limit of small fe/a, (8') reduces to: 


Qn{r) 


fV-n-l)/2 


= e 


X 


i hlN-n-l/N-n-i \ . 

+ — --+ 

fey 1 {N - n - l)iN -n-3)r(N-n- 3)(N - n - 5) 

8 L 4 


(Af-n-3)r + T» + ...| (8") 


The first term of tliis series has been derived previously in the treatment of 
stepwise degradation and expressions for the molecular weight have been 
presented.^ 

The over-all rate, r, of the reaction is found by differentiation of equation 
(14) and the corresponding expression following from equation (13'), re¬ 
spectively. The limiting values are: 

'I — (N(l — eN/6) initiation random 

” at ends 

The first term in each equation represents the production of monomer from 
the initial material, the second is due to the presence of intermediate 
species. 


V, DISCUSSION 

The kinetic chain lengths are best derived from molecular weight data, 
as shown above in the case of methyl methacrylate. The analysis of cases 
intermediate between the extremes of very short and very large kinetic 
chain length including transfer requires a further examination of equa¬ 
tions (8') and (9). In the absence of intramolecular transfer, the molar 
ratio between monomer and all other degraded material after the com¬ 
pletion of the reaction is determined by the relative probabilities of 
propagation and intermolecular transfer, that is according to (4) by: 



By definition: 
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This gives an inverse correlation between monomer yield and molecular 
weight drop, since a small value of p corresponds to a small value of the 
kinetic chain length 1/e, unless h/h is very large. Furthermore, if trans¬ 
fer is frequent, the ratio between monomer and other volatile products 
should decrease as the total number of molecules capable of transfer tends 
towards a maximum with increasing conversion. 

The available analyses show the following results for the monomer 
ratios:®’®'*® ethylene 0.005, styrene 1.87, isobutene 2.04, methyl meth¬ 
acrylate greater than 100. Actually, here p ought to be of the order of 2.5 
X 10® according to our previous estimate of c. Consequently the upper 
estimates for the kinetic chain lengths assuming p(fe 4 /fe) 1 would be 
1.005, 2.9, 3.0 for the first three substances. Thus ethylene should de¬ 
grade by a practically random process and exhibit the sharp initial drop 
in molecular weight cliaracteristio for such reactioi\s, while the relativ(‘ 
decrease of molecular weight at a given conversion should be less for styrene 
and isobutene. No data sufficient to decide this point have conn^ to our 
attention. In respect to the variations of the nature of the volatiles with 
conversion, the results so far obtained do not seem (‘onclusiv(‘. 

Intramolecular transfer due to local convolutions will have two tendcMi- 
cies, namely, to reduce the rate of decrease of D. P. and to keep the nature 
of the volatile products more nearly constant, as compared wilh the eflVct 
of intermolecular transfiT. In sufficiently larg(' chaiiis, long range coiling 
can also lead to transfer >vhich would tend to reduce the molecular weight 
but maintain the constancy of the products. 

In applying the preceding results to experimental data certain limita¬ 
tions are encountered. The reaction has been assumed to bc' homogene¬ 
ous. It may occur, however, at the surface of the material or at the part 
in contact with the furnace. Also in comparing the relative yields of 
monomer for different materials, differences in vapor pressure ought to be 
kept in mind. If the reacting unit is small and has a small cohesive energy 
density, the volatile products will contain fragments of larger degree of 
polymerization than in the opposite case. 

The nunM^rical calculations were cturied out by Mrs. Helen H. Jeppson. 
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Resume 

La finetique des reactions de depoly in eri.sation par mecaiiisrne en cliaine est d^velof)- 
p«V* cn supposant line initiation, siiivie de reactions de propagation, de transfert el do 
terminaison des radicaux. La propagation prodiiit des radicaux plus petits et des 
molecules de irionomeros. Le transfert stabilise un radical determine et en prodiiit uii 
nouveau qui, a son tour, se decompose en un radical plus petit et une chaine stable. On 
suppose quo la terminaison se passe excliisivemcnt par disproportiomieinent. Un tel 
schema entraine le resiiltat suivant: Dans le cas ou, et aussi longtemps qu*il existe en 
etat stationaire des radicaux, Tallure de la reaction, e’est a dire la production d’especes 
molec.ulaires plus petites et stables aux depens du materiel de depart, est approximativ- 
ment egale a celle prevue pour une reaction par 6tapes successives du type Iraite anter- 
ieurement. Les constantes des vitesses effectives do cotte reaction cquivalente sont 
foiK'tion des constantes d'initiation et de transfert, de la concemtration des radicaux et de 
la longueur de chaine cinetique. De plus, elles dependent de la position de la liaison 
qui devra ^tre rompue, bicn que, a priori, on nc suppose pas de depcndance des firocessiis 
elemeiitaircs en fonction de la position au sein de la molecule (liaisons labiles) ou en foiic- 
tion de la grandeur de la molecule. L’effet est imremcnt statistiipie. Si le radical pent 
Mre initie tout le long de la molecule de pol>mere, les liaisons a rinterieiir dc* Tedifice sont 
effectivement brisees plus facilernent que cellos aux extremity. Si Finitiation pent se 
pas.ser uniquement aux liaisons tcrminales, la situation est renversee. Cette tendance 
selective est contrariee fiar la reaction de transfert, qui exerce une influence statistique 
it (;6tc d’une augmentation riddle de la probabilite d^initiation pour chaque molecule. 
La solution g6n6rale est donnee, et discutee en fonction de la longueur de la chaine 
cin6tiqu'.‘. Si celle-ci est tr^ petite en comparaison du degre de pol>m6iisation initial. 
Failure de la reaction est determinei* par Finitiation et le transfert. I n tel cas peut 6tre 
realise afiproxiinativement si le transfert est important. Si Finitiation se passe n’irn|)orte 
od, la consequence sera une degradation pureinent statistique. cas de Finitiation 
aux extremites ramene le cas tl une scission graduelle d’unites monoineriques terminales. 
D’autre part, lorsquc la longueur de chaine est plus grande que le degre de polymerisa¬ 
tion, les molecules petite.s sont produits de preference. La distribution des grandeurs 
moleculaiies et le poids moleculaire moyen sont indiques en fonction du degre de con¬ 
version. Les valeurs de la longueur dc chaine cinetique et de la c^instante d*initiation 
sont evaluees. 


Zusammenfassutig 

Die Kinetik von Depolyluerisationsreaktionen vom Kellentypus wird entwickelt, 
indein eine Aktivieriing von Radikalen vorausgesetzt wird, die von Eortpflanzung, Uber- 
tragung und Abbruch gefolgt, wird. Die Fortpflanzung erzeugt kleinere Radikale 
und Monoraer-Molekiile. Die IJbertragung stabilisiert ein gegebenes Radikal und 
erzeugt ein anderes, das sich weiterhin in ein kleineres Radikal und eine stabile Rette 
zersetzt. Es wird vorausgesetzt, dass Termination ausschliesslich durch Dispropor- 
tionierung eintritt. Dieses Schema fUhrt zu folgendem Resultat: Wenn und so lange 
als cine stationare Konzentration von Radikalen beibehalten wird, ist der Reuktionsver- 
lauf, das heisst die Erzeugung von kleineren stabilen Al ien aus dem urspriiiiglichen 
Material ungefahr gleich dem, der bei einer Stufenreaktion von dem friiher behandelten 
Typus vorausgesagt wurde. Die effektiven Geschwindigkeitskonstaiiten dieser equiva- 
lenteii Reaktion sind eine Funktion der Initiation und tTbertragungskonslanten, der 
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Hadikalkonzentratioii imd der kinetischen KettenlSi^. Sie aind weiterhin abhangig 
von der Lage der zu apaltenden Bindung, trotzdem a priori keine AbbUiigigkeit der 
wirklichen Geschwindigkeitsprozesse von der Lage im Molekiil (schwache Bindungen) 
Oder der Grosse des Molekiils angenommen wird. Der Effekt ist rein statistisch. Wenn 
ein Radikal uberall in einem Polymermolektil initiiert warden kann, werden Bindungen 
im Inneren erheblich bereitwilliger gespalten als solche nahe den Enden. Wenn die 
Aktivierung nur an den endstandigen Bindungen eintreten kann, ist die Situation umge- 
kehrt. Dieser seJektiven Tendenz setzt sich eine tJbertragungsreaktion entgegen, welche 
abgesehen davon, dass sie die Walirscheinlichkeit der Initiation fiir ein gegebenes Mole- 
kul erheblich erhoht, eine regellose Wirkung ausiibt. Die allgemeine Lbsung wird gege- 
ben und diskutiert in Beziehung zu der kinetischen Kettehlange. Wenn diese im Ver- 
gleich zum anfanglichen Polymerisationsgrad sehr klein ist, wird der Reaktionslauf 
durch die Initiation und die Ubertragung bestimmt. Eine Annaherung an diesen Fall 
mag bestehen, wenn letztere sehr stark ist. Wenn Initiation regellos entlang der Kette 
auftritt, flihrt das Resultat im Grenzfalle zu einer stufenweisen Abspaltung der End- 
Monomeren. Wenn anderseits die Ketteniange grosser ist als der Polymerisationsgrad, 
werden vorzugsweise kleine Molekule erzeugt. Die molekulare Grossenverteilung und 
das rnittlere Molekulargewicht werden als eine Funktion des Umsatzgrades dargestellt. 
Schatzungen der Werte der kinetischen Ketteniange und der Initiationskonstanten 
werden gegeben. 

Received July 15, 1949 
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Intrinsic Viscosity of Macromolecules 

Peterlin,* in a recent paper, proposed the following formula, to describe 
the intrinsic viscosity of a linear rnacromoletiule: 


h] = 


TtaaA\ 


N 


(r 


1 




( 1 ) 


4Mo ' ■ Vl + l.2(6/iry'WAiN'' 

where Ao, ao, and Mo are the efTective length, hydrodynamical radius, and 
molecular weight of the statistical element, such that the number of statis¬ 
tical elements N and the degree of polymerization Z, are related through 
N = Z/f. Furthermore, he pointed out that the above form gives results 
which are in essential agreement with those of Debye and Bueche,^ and 
Kirkwood and Riseman.^ 

We would like, in this note, to indicate the relationship between Peter- 
lin’s formula,^ equation (1), and that of Kirkwood and Riseman.® 


h] = 


3600iyoMc 


ZF(X(,Z’/‘) 


X* = 


( 2 ) 


h] = 


(2a) 


(6ir»)‘/'7;oh 

If the sum defining F(XoZ'^') is replaced by its first term, equation (2) be- 
comes in this approximation: 

^ j _ 1 ) 

S600rjoMo (1 + 

identical in form with Peterlin’s equation (1). If, furthermore, the above 
analysis were carried out in terms of statistical elements such that we could 
identify b with Ao and let f = 67n7oa« we would obtain, in Peterlin’s nota¬ 
tion: 

1 


M 


TT Mo Ll 


/i 


(2b) 


-f (6/7r)*/»(aoMo)A^‘/’ 

where the quantity in brackets differs from that of Peterlin by a factor of 1 
compared to 1.2, and the coefficients of this quantity differ by a factor of 
l/ir compared to ir/4. Peterlin has indicated that a numerical coefficient 
0.52 is preferred to the 1.2. 

In this connection, it is interesting to note that Wilson^ has proposed an 
empirical equation of form similar to that of Peterlin, namely: 

hi- 


1 + KiZ 


V. 


(3) 
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where Ki and are constants. He also points out that F{\oZ'^*) can be 
reasonably well approximated by the term (1 + 0.76XoZ'''*) 

If the Peterlin, Wilson and the Kirkwood-Riseman expressions are com¬ 
pared the following can be noted. 

(а) Wilson’s expression is an empirical summation of the infinite sum ap¬ 
pearing in F{\oZ'^*) and approximates that quantity fairly well. The ex¬ 
ponent a of the curve [17] = iCZ®, tangent to the log-log plot of [?;] vs, Z at 
a particular value Z likewise (compares reasonably well with the full Kirk¬ 
wood-Riseman expression. 

(б) Peterlin’s expression, with the factor 1.2 almost amounts to using 
only the first term in the Kirkwood-Riseman theory. Comparison of 
Peterliii’s results with the full F(\oZ'^^) as well as with the approximate ex¬ 
pression using only the first term of the sum, denoted by Fo(XoZ‘^*), and 
normalized so that Fo(0) = 1 is shown in Table I. It should be noted that 
the Peterlin expression can again almost be regarded as an approximate 
summation of the infinite sum in F(XoJ?''^*), the summation w ith the fa(^tors 
1.2 or 0.52 not comparing as well with the Kirkwood-Riseman expn'ssion 
as does that of Wilson. 

(c) Both the Peterlin and Wilson expressions can (onsequently b(‘ re¬ 
garded as approximate forms of the Kirkwood-Riseman expression, eq. (2). 




TABLE 1 






1 

1 

X 

F{x) 

(normalized) 

r+ 1.2/ 

1 + 0.52/ 

0 

1 0 

1.0 

1.0 

1 0 

0 1 

0 925 

0 906 

0.893 

0 05 

0.2 

0 861 

0 833 

0.806 

0 905 

0 5 

0 717 

0.667 

0 625 

0 793 

1 0 

0 564 

0.500 

0 451 

0.658 

1.5 

0 467 

0 400 

0 357 

0 562 

2 0 

0.400 

0 332 

0 294 

0 491 

3 0 

0 312 

0 250 

0 218 

0 391 

4 0 

0 256 

0 199 

0.172 

0 325 

5.0 

0 218 

0 166 

0.145 

0 278 

10 

0.216 

0 083 

0 077 

0.161 

20 

0 07 

0 048 

0 040 

0.087 
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Degradation of Ethyl Cellulose in Solution 


In a recent letter, Jellinek^ has given the relation: 

(■ - f) f) 

to relate lh(‘ degree of polymerization (Pn) to the time (/) in a chain deg¬ 
radation process. In the case in which P„ is large, the equation may be 
further approximated to the form: 



Tliis relation should apply approximately to any polymer in which long 
( hain molecules are being broken up by a continuous process of random frac¬ 
ture. At present it would seem that there are not too many systems in 
which this process may be experimentally investigated. I therefore 
thought it might be a good idea to publish certain results which I obtained 



some years ago on the acid-catalyzed degradation of Hen'ules “N” type 
ethyl dissolved in aqueous ethanol, (10% water, hydrochloric acid). It 
was then found that a plot of the reciprocal of an inherent viscosity (g./lOO 
cc. basis)^ was accurately linear with time, as would be expected if this 
viscosity was proportional to the molecular weight. At the time, this 
work was not published as it w as decided not to put forward any such rela- 
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tion on a purely viscosity basis. However, in view of Jellinek’s letter, I 
think the results, which are shown in Figure 1, might prove interesting. 
At any rate, they may serve to call the attention of workers in the field to 
a system which appears to be rather well fitted for experimental work on 
degradation processes. 

The experiments were carried out by the writer at Colmore Adhesives 
Ltd., Team Valley Trading Estate, Gateshead-on-Tyne 11, as part of their 
research program. I am indebted to the directors of this company for 
permission to publish. 


References 

1. H. H. G. Jellinek, J. Polymer ScL, 264 (1950). 

2. L. Gragg, J. Colbid ScL, 1, 261 (1946). 


R. N. Howard 


Research Laboratories, Petrocarbon Ltd. 
Twining Road, Trafford Park 
Manchester 17, England 

Received July 15, 1950 


REVIEWS 


Elastomers and Plastomers—Their Chemistry, Physics, and Tech¬ 
nology. R. Houwink, ed., Vol. I, General Theory. Elsevier, New 
York-Amsterdam, 1950, 509 pp., $7.00. 

This volume is a very welcome addition to the literature on high polymers. It is to be 
hoped that the two remaining volumes of the series will come up to the high standard 
set by the first. 

In the first chapter H. A. Frank surveys the economic aspects of plastics, giving pro¬ 
duction and consumption data for various types. These are necessarily restricted largely 
to the United States, since but few figures were available for other countries at the time 
of writing. C. Koningsberger, in Chapter 2, gives the chemical composition of the more 
common natural and synthetic macromolecular substances and discusses the organic 
chemistry of the reactions by which the latter are formed. Wechsler, Hohenstein, and 
Mark next give an excellent and thorough treatment (108 pages) of reaction kinetics 
and the mechanism of polyreactions. G. H. van Amerongen contributes four chapters, 
on “Molecular Constitution,” “Mechanical Properties,” “Physics and Structure,” and 
“Polymer-Liquid Interaction.” The last-named is especially noteworthy, dealing with 
{K>lymer solution theory and its application to solubility, swelling, osmotic pressure, 
light scattering, and viscosity data. The dielectric properties of high polymeric ma¬ 
terials are ably discussed by L. Hartshorn. Mechanical operations in the plastics indus¬ 
try are treated by H. Gibello. In the final chapter R. S. Colborne presents a useful dis¬ 
cussion of the theory and technology of plasticizers. 


M. L. Huggins 
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Outlines of Biochemistry. R. A. Gortneh, 3rd edition edited by R. A. 
Gortner, Jr., and W. A. Gortner, Wiley, New York, 1949, 1078 pp., 17.50. 

The revision of this well-known text was carried out by a group composed mainly of 
the late Professor Gc^rtner’s former colleagues and students under the editorial leadership 
of his sons. 

This edition, like the previous editions, places emphasis on the view that “much of the 
Vital energy* can in the last analysis be traced back to energies characteristic of surface 
films and interfaces.** The viewpoint is also taken that a thorough understanding of 
the materials of biochemistry is essential to the study of this field. Consequently, the 
emphasis is on biochemistry. The physiological integration of the systems discussed is 
largely left to other texts. In the area set off by these considerations the book is unique 
and strikingly successful. 

About one-quarter of the text is devoted to colloids, one-quarter to proteins, another 
to carbohydrates and the remainder to lipids, plant pigments, and biochemical regula¬ 
tors. 

The section on colloids, revised by H. B. Bull and D. R. Briggs, provides an excellent 
introduction to this field. Discussions of hydrogen ion concentration and oxidation- 
reduction systems are included in this section. 

W. M- Sandstrom and R. A. Gk)rtner, Jr., revised the section on proteins and a new 
chapter on protein denaturation was contributed by H. B. Bull. The material in this 
section provides a g(X)d description of the behavior of these natural polymers. In the 
reviewer*8 opinion, }K)wever, the point is not sufficiently emphasized that certain well- 
characterized proteins behave as pure substances whose properties can be studied at the 
molecular level. It now seems clear that Sorensen*8 hypothesis of reversible-dissociable- 
components applies to complex naturally occurring mixtures, but not to single proteins. 
Further, t<K) little emphasis is given the fact that the greater part of the titration curves 
of proteins can be correlated stoichiornetrically with chemical composition. 

l^he chapters on the chemistry of the carbohydrates were revised and expanded by 
W. F. Geddes. P. D. Boyer, J. J. Willaman, and S. I. Aronovsky contributed chapters 
on carlK>hydrate metabolism, j^ectic substances, and the tannins, respectively. The 
entire section is admirably executed. 

The discussion of the chemistry of the lipids has been expanded and revised by W. A. 
Gortner. G. O. Burr revised the section on plant pigments, and W. A. Gortner, R. A. 
Gortner, Jr., and W. M. Sandstrom revised the chapters on vitamins, hormones, and 
enzymes, respectively. 

The editorial difficulties of revising a book with a large group of collaborators have 
resulted in the inclusion of few references subsequent to 1946. The style, to the edi¬ 
tors’ great credit, is as fresh as was that of earlier editions. Since no other single volume 
contains such a wide variety of information on the organic and physical chemi.stry of 
naturally occurring substances, this book will be widely used by students in these fields. 

George W, Schweri 


Electron Microscopy—Technique and Applications. Ralph W. G. 
Wyckoff, Interscience, New York, 1949, 258 pp., $5.00. 

The author states that this book was written “with the frank and limited purpose of 
pointing out and arousing interest in the possibilities of using the electron microscope to 
learn more about the hitherto unseen world it penetrates.” In accomplishing this, he 
necessarily reviews the history and different types of electron microscopes. One of the 
ten chapters was devoted to the critical adjustment of the instrumentwhich is obviously 
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required for high quality work. Specimen preparation has been stressed and detailed 
descriptions of different methods of preparing specimens were discussed. 

No attempt was made to list all the applications of the electron microscope, and at¬ 
tention was concentrated on those which, at one time or another, had been of actual con¬ 
cern to the author. These many applications are illustrated with electron micrographs 
that have been made by him or his laboratory staff. The 202 illustrations are of the 
highest quality and have been reproduced remarkably well, which should serve as a guide 
for others. With each illustration is a complete caption which notes pertinent informa¬ 
tion and points of interest. However, most of the pictures are of a biological nature. 
The incompleteness of this book is supplemented by an extensive bibliography at the 
end of each chapter. These references are an excellent source of in(»re complete infor¬ 
mation to the student and research worker. 

The practical information in this publication makes it an ideal reference book for ac¬ 
tive workers in the field. In addition, it will serve as an excellent text to introduce a 
technician to the field of electron microscopy. 

E, B. Bradford 
B, F. Boyer 


Les Derives Chimiques du Caoutchouc Nalurel. F. Le BRAsaiid A. 
Delalande, Dunod, Paris, 1949, 510 pp., 1,880 frs. 


The seven chapters of the book give a comprehensive survey of the chemistry and 
technology of the chemical derivatives of natural rubber: 

I. Generalities on the origin, the structure, and chemical properties of rubber (.'iO 

pp.). 

II. 11 alogenated derivatives (116 pp.). 

III. Hydrohalogenated derivatives (67 pp.). 

IV. Hydrogenated rubber. Decomposition products cf rubber and hydrogenat(‘d 

rubber (23 fip ). ’ 

V. Oxidized derivatives (69 pp.). 

\T. Cyclized derivatives (94 pp.). 

VII. Various derivatives and modified rubber (.30 pp.). 

Conclusions (1 p.). 

Addresses of companies manufacturing chemical derivatives of rubber (in) h^ngland, 
the United States (and) France (I p.). 

Index (33 pp.). 

It is an unusually complete work and a valuable source of information on an important 
subject. With the exception of Chapter One essentially the same pattern is followed 
throughout the book: The chemistry of the subject, manufacture (if such is done), 
properties and usas, the latter being replaced by “possible uses” in certain casas. The 
chemistry is discussed historically and thus the evolution of the ideas on the reactions of 
rubber with various agents appear. Regrettably the authors refrain from any editorial 
criticism and thus create the undoubtedly false impression that they do not have any 
opinion on the subject. Also, little attempt is made to speculate editorially or otherwise 
on the reasons why structural alterations of the molecule manifest themselves in changes 
of physical properties, although frequent mention is made and numerous references are 
given on structure examination (for example, six entries on x-ray studies). 

The technological discussions are thorough and adequate, well illustrated by photo¬ 
graphs and schematic drawings of machinery. The reference list is enormous, over 1400 
entries were counted. Siiriilarly the authors leave little to the imagination about the 
uses of the products discussed. On page 190, for example, a most appetizing looking 
bunch of celery (incidentally wrapped in Pliofilm) is shown. 


George Goldfinger 
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Chlorination of Natural Rubber. I. Preparation and 
Properties of Chlorinated Rubber* 

G. J. VAN AMERONGEN, C. KONINGSBERGER, and G. SALOMON, 
Rubber Foundation, Delft, The Netherlands 


INTRODUCTION 

The chlorination of rubber has been the subject of extensive investiga¬ 
tions, the rubber being commonly treated in solution with gaseous chlo¬ 
rine at a given temperature and pressure. The properties of the products 
of rubber thus treated vary in close dependence upon the chlorine content, 
which may be as much as 70%. The drawback to a low chlorine content 
is that, as a rule, the chlorine is loosely bound, with the result that, when 
exposed to heat or light, it splits off as HCl with the formation of discolored 
and cyclized products and serious deterioration of the mechanical proper¬ 
ties. But the higher the chlorine content, the more stable are these chlo¬ 
rinated rubbers. The stability of chlorinated products of natural rubber 
containing approximately 65% of chlorine is such that they are used com¬ 
mercially as a component of anticorrosive paint. 

The instability of chlorinated rubber of low chlorine content is closely 
connefjted with its chemical constitution and the mechanism of reac¬ 
tion. The current opinion ten years ago* was that chlorine first adds on 
to the double bond of the rubber and that this primary product, while 
splitting off HCl, enters into further reaction with chlorine; but reexam¬ 
ination of this reaction in the laboratory of our affiliated English organiza¬ 
tion®'^ and independently in our own laboratory has led to very different 
views. It was realized that rubber dichloride (the addition product of 
chlorine and rubber) is far too stable to act as an unstable intermediate 
product during the chlorinating reaction. Bloomfield® argued that during 
the primary reaction the chlorine is attached by substitution to an a- 
methylenic carbon atom of the rubber molecule and that there is a consid¬ 
erable amount of cyclization. 

It was not aur sole concern to study the mechanism of reaction; we were 
also bent on following the chlorination of rubber under the most diverse 
conditions, starting from dry rubber, rubber in solution, and rubber in latex, 
the sources of chlorine being highly diversified, such as from liquid chlo¬ 
rine, gaseous chlorine, hypochlorites, and sulfuryl chloride. 

The normal course of reaction, involving the formation of unstable inter- 

* Communication No. 114 from the Rubber Foundation. 
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mediate products, is discussed in Part I of this series; methods of produc* 
ing comparatively stable rubber chlorides by adding chlorine onto the 
double bond will be considered in Part 11. 

THE ANIUNE TEST 

The reaction of halides with organic bases has been used in this labora¬ 
tory for the kinetic identification of halide groups in polymers.* It is 
sufiicient for the purpose of this and the subsequent papers to state that 
allylic chlorides and tertiary chlorides react with aniline at 100 ®C. in a very 
short time, while dichlorides with vicinal chlorine and polychlorides of the 
chlorinated rubber type split off only part of the chlorine and at a much 
lower rate. Certain polychlorides with the >001* group are, however. 



Fig. 1. Reactivity of chlorides with aniline at lOO'^C. Model Com- 
pounds: 1, allylic chlorides; 2, tertiary chlorides; 3^ vicinal dichlorides. 
Polymers: 4, chlorinated rubber with about 64% chlorine; 5, polyvinyl 
chloride; 6, polyvinylidene chloride. 

unstable at 100°C. in aniline and this can interfere with the kinetic separa- 
tion. The reactivity of typical mono- and dichlorides is summarized in 
the left-hand part of Figure 1, while the analogous reaction of some poly¬ 
mers with a polychloride structure is given in the right-hand half. 

A polymer or a mixture of polymers consisting of allylic and/or tertiary 
groups will react very fast until all the reactive chlorine has been split off. 
This, in fact, is observed in the chlorination products of rubber (see Fig. 
2 ). 

Polymers with 30-55% total chlorine content split off part of their 
chlorine very fast, while the “slow” fraction reacts frequently with a rate 
found for chlorinated rubber with 64% Cl (curve 4, Fig. I). The exact 
amount of reactive chlorine can be determined by an extrapolation to time 
zero. Above a total chlorine content of 55% this reactivity with aniline 
becomes less significant for two reasons: (/) the bend in the reaction time 
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curve becomes less pronounced and extrapolation to time zero therefore 
becomes uncertain; and (2) —CCI 2 groups may be present and can inter¬ 
fere with the determination of the allylic fraction. 

The reactivity with aniline by itself does not prove that the reactive 
fraction is allylic. Additional kinetic experiments^ would be necessary to 
distinguish between allylic and tertiary chlorine in cases where it is not 
obvious from the type of reaction (clilorination or hydrochlorination, re¬ 
spectively). 

Experiments were performed by heating 0.1-0.2 g. polymer with 4 cc. 
of purified aniline in a sealed tube. The contents of the tube were rinsed 
in a beaker with dilute (1:1) nitric acid and silver nitrate added. The 
dyestuffs formed from aniline were removed with charcoal and the filtered 
solution titrated according to Volhard. 

As a matter of convenience we have usually determined the amount of 
reaction of chlorinated rubber with aniline after a heating time of 17 hours 
at 100°C. It is clear from Figure 2 that this value may be 4 to 7% higher 
than the extrapolated value, an inaccuracy which does not influence our 
conclusions. 



Fig. 2. Reaction of chlorinated 
rubber with aniline at lOO^C. The 
figures on the curves refer to the 
total chlorine content of the 
polymer. 


CHLORINE GAS WITH RUBBER IN SOLUTION 

With the objec't of discovering the optimum conditions for the produc¬ 
tion of chlorinated rubbers of greater stability than usual, a large number 
of experiments were carried out in which rubber in solution was made to 
react with gaseous chlorine. These experiments, which are recorded in 
Tables I and II, were carried out quite simply by introducing gaseous 
chlorine into roughly 100 cc. of a rubber solution stirred vigorously. In 
some cases a solution of gaseous chlorine in carbon tetrachloride was added 
dropwise instead of introducing gaseous chlorine as such. The natural 
rubber used was masticated standard sheet or crepe; the deproteinized 
rubber a commercial crepe grade; the gutta-percha specially purified by 
recrystallization of first quality commercial gutta-percha. The reaction 
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product was reprecipitated for analysis by dissolving it in benzene or chloro¬ 
form and precipitating with alcohol. The Carius method was employed 
to determine the chlorine content. Generally, these determinations were 
accurate within 0.5%. 


TABLE I 

Chlorination of Natural Rurher and Gutta-Percha in 5% Solution 

WITH Chlorine Gas . 


Polymer 

Solvent 

Catalyst 

Time, 

hours 

Temp., 

•c. 

% Cl in 
product 

reactive 
Cl of 
total 

Natural rubber 
Deproteinized 

CHCl, 


17 

-70 

41.5 

55 

rubber 

CCI4 

— 

1 

5 

43.5 

70 



— 

2 

5 

49.5 

65 



—- 

4 

5 

62.0 

30 



— 

7 

5 

64.0 

15 



0 , 

2 

5 

50.5 

58 



0 , 

7 

5 

50 5 

57 

Natural rubber 

CCI4 

— 

1 

20 

36.5 

79 



2% BZ 2 O 2 

1 

20 

27.0 

80 




2 

20 

48 0 

57 



— 

7 

20 

62.5 

17 

Gutta*percha 

CCI4 

— 

0.5 

20 

22 5 

75 



5% Bza02 

0.5 

20 

22.0 

74 



— 

1.5 

20 

58.5 

19 

Natural rubber 

CCI4 

— 

1 

77 

49.0 

37 



5% BzaOa 

1 

77 

35.0 

63 



— 

4 

77 

60.5 

13 



— 

8 

77 

65.5 

14 



— 

16 

77 

68.0 

21 


TABLE II 

Influence of Light on Chlorination with Gaseous Chlorine of 
Natural Rurber in 5% CCU Solution (Reaction Time, 7 Hours) 


Temp., *C. 

% Cl in 
product 

Dark 

% reactive 

Cl 

100-watt electric bulb 
% Cl in % reactive 

pmuct Cl 

U.V. Ufht 
%ain 
pmoct 

marts 
% reactive 
Cl 

0 

59.0 

40 

62.0 

17 



20 

62.5 

19 

64.0 

17 



50 

60.5 

30 

64.0 

17 

66.5 

18 

77 

65.0 

16 

65.0 

18 

70.0 

57 


The nature of the reaction products is characterized by the percentage 
of reactive chlorine, i.e., the portion of comlnned chlorine which is reactive 
in the aniline test (17 hours I00°C.). It is found that the stalnlity of the 
products toward aniline is quite independent of the experimental condi¬ 
tions. Although the percentages of reactive chlorine vary strongly, the 
re^nsible factor has been found on careful investigation to be the total 
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chlorine content of the reaction product. This chlorine content of chlo¬ 
rinated rubbers is governed by the duration and intensity of chlorination. 
A somewhat larger chlorine content is usually obtained at higher tempera¬ 
tures— e.g., 50 to 70°C.—than at 0 to 20®C. The addition of benzoyl 
peroxide (BZ 2 O 2 ) as a catalyst does not affect the nature of the chlorine 
and certainly does not help to increase the chlorine content. Experiments 
with purified gutta-percha have proved that exhaustive purification of the 
polyisoprene hydrocarbon also has no visible effect. Oxygen has a slight 
inhibiting effect during continued chlorination. Exposure to the light of 
an ordinary tungsten lamp hardly influences the rate of reaction, but ultra¬ 
violet light has a considerable influence, as is evident from Table II. 

SOME EXPERIMENTS ON FRACTIONATION 

Products of about 30% chlorine content, when fractionated, are found 
to be nonhomogeneous. A more regular reaction appears to result from 
the dropwise introduction of chlorine dissolved in carbon tetrachloride in¬ 
stead of in the gaseous form, but it is clear from the following experiments 
that even then the products are nonhomogeneous. 

1. At — 10°C., 10 g. chlorine, dissolved in 86 cc. CCI4 were added drop 
by drop to 20 g. masticated crepe dissolved in 400 cc. CCI4, the material 
being stirred constantly. The resulting product contained 18.5% of chlo¬ 
rine. This product was fractionated by solution in CHCI3 (3% solution) 
and precipitating with progressive amounts of isoamyl alcohol. The follow¬ 
ing were obtained: 


42% of a fraction with 41.3% Cl 
7% “ “ “ “ 35.0% Cl 

38%““ “ “ 1.5% Cl 

13%““ “ “ 0.5% Cl 


2. Another chlorinated rubber, treated in the same way, contained 18.0% 
of chlorine. This was fractionated by dissolving in benzene and precipitat¬ 
ing in fractions with acetone and then with ethyl alcohol. The following 
were obtained; 


37% of a fraction with 1.1% Cl 
27%““ “ “ 22.5% Cl 

36%““ “ “ 30.5% Cl 

The chlorine in the two latter fractions was found to be reactive in the 
aniline test to the extent of 90 to 95%, which means that they contain ap¬ 
proximately that amount of allylic chlorine. 

A few experiments were also performed in a film reactor, but with the 
same result, viz,, the formation of nonhomogeneous products. We shall 
see in Part II of this series that it is possible to obtain homogeneous prod¬ 
ucts by chlorinating with SO 2 CI 2 . 

The extremely rapid reaction between rubber and chlorine is in all prob¬ 
ability responsible for this nonhomogeneity. This reaction, betrayed by 
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the evolution (tf HCl, is seen to occur as soon as gaseous chlorine or a chlo¬ 
rine solution is mixed with the rubber solution and it is a tenaUe conjecture 
that the conversion takes place in a matter of a fraction of a second. Then, 
the viscomty of the solution stands in the way of rapid intensive mixing, 
with the result that, even with intensive stirring, there are likely to be local 
high concentrations ot chlorine, in the vicinity of which the rubber reacts 
with greater ease than elsewhere in the solution. 

CHLORINATION UNDER PRESSURE 

There was good reason to believe that if the pressure of the chlorine gas 
was raised, the reaction of chlorine with rubber would be accelerated and 
the chlorine content of the chlorinated rubber increased. A special device 
was made by which rubber in solution can be chlorinated under pressure— 
see Figure 3. 










cooling 






solution 


Fig. 3. Apparatus for chlorinating 
rubber solutions under pressure. 


The apparatus comprises a couple of bronze autoclaves. A glass jacket 
in an autoclave of 200 cc. capacity contains about 100 cc. of a rubber solu¬ 
tion. It is necessary to have chlorine gas flowing continuously through the 
solution to keep the latter sufiiciently saturated and homogeneous, and 
also to evacuate the HCl formed during the reaction. An exhaust is ac¬ 
cordingly provided for the surplus gas via a condenser through a regulated 
pressure valve. The required chlorine is in the liquid state in the other 
autoclave connected by pressure pipe with the reaction autoclave. The 
autoclaves can be heated to any temperature required. By keeping the 
temp^ature of the chlorine autoclave 10 to 20°C. below that of the reac¬ 
tion autoclave a constant stream of chlorine gas can be made to bubUe 
through the solution via a silver inlet tube. 
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It was found expedient to chlorinate the rubber solution in the ordinary 
way for some time before applying pressure. The impression received 
from a comparison of Table III with Table I is that the application of 
pressure certainly does produce a higher chlorine content in less time. An 
added advantage is that the material can thus be chlorinated at tempera¬ 
tures far above the boiling point of the solvent. On the evidence of the 
recorded intrinsic viscosities, the solubility of the resulting products is 
satisfactory. Without exposure to light it is exceedingly difficult to ob¬ 
tain chlorine contents above 65% at ordinary pressure, so large-scale pro¬ 
duction of chlorinated rubber of a high chlorine content would without 
doubt benefit by the application of pressure. 

TABLE III 

Influence of Pressure on Chlorination of Natural Rubber in 3% 

CCI 4 Solution 

First phase: chlorination at atmospheric pressure for 4 houis at 45 ®C. 


Prewure, 

atm. 

Second phase 
Temp., 

“C. 

Time, 

hours 

Per cent 
Clin 
product 

[nj“ 

7 

70 

5 

65.5 

0.48 

11 

70 

2 

67.5 

0.18 

12 

120 

2 

66.5 

0.14 

13 

90 

2 

68.5 

0.09 


« Intrinsic viscosity of the polymer solution in CHCU, determined at 25 ®C. in an 
Ostwald viscometer. 

CHLORINATION WITH LIQUID CHLORINE 

The next point on our program was to discover how rubber responds to 
chlorination with liquid, instead of gaseous chlorine. We can see from 
Table IV what happens when liquid chlorine reacts at relatively low tem¬ 
perature with rubber in solution. In these experiments 10 cc. liquid chlo¬ 
rine was mixed with 10 cc. solution at — 70°C. and, if necessary, was then 
warmed up in a closed tube to the desired reaction temperature. Appar¬ 
ently, the reaction, in the main, occurs at — 70®C. The chlorine content 
does not diflFer appreciably from that resulting from chlorination with gase¬ 
ous chlorine, which proves that the chlorine concentration does not have a 
great influence on the course of the reaction. A higher temperature would 
be needed to obtain larger chlorine content. 

TABLE IV 

Chlorination of Natural Rubber in Solution with Liquid Chlorine 


Solvent 

rub^r 

in 

solution 

Temp., 

®C. 

% Cl in product 

1 hour 17 hours 

CHCl, 

5 

-70 

51.0 

54.5 


20 


50.0 

54.0 

CCI4 

5 

+20 

52.5 

58.5 


20 


51.0 

56.0 
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It was tempting to allow liquid chlorine to react direct with solid rubber, 
thus obviating the tedious and costly process of solution involved in the 
production of chlorinated rubber.*-^® The technique in these experiments 
was to add about half a gram of rubber to roughly 10 cc. of liquid chlorine 
at — 70°C. in a small autoclave and then to warm it up gradually to the 
desired temperature. It was found incidentally, that liquid chlorine is an 
excellent swelling agent for rubber. When the reaction has ceased, the 
chlorine is evaporated and the resulting chlorinated rubber purified by dis¬ 
solving it in CHCls and precipitating with alcohol. 

TABLE V 

Chlorination of Solid Natural Rubber with Liquid Chlorine 


Temp., 

•c. 

Time, 

hours 

% Cl in 
product 

% reactive 

a 

-70 

17 

38-43 

50-40 

-40 

17 

49-57 

50-20 

20 

3-60 

50-60 

40-20 

50 

5 

60 

20 

70 

3-6 

63-64 

14-25 

100 

3-6 

68-70 

30-41 

120 

1-3 

68-69 

35 


It will be seen from the data of Table V that the reaction proceeds with 
greater velocity at higher temperatures, when the normal chlorine contents 
for commercial chlorinated rubber are obtained and surpassed. There is, 
however, one serious drawback to this method: if the rubber and liquid 
chlorine are warmed too quickly, the reaction is liable to be too violent 
and cause charring. There may even be signs of kindling when finely 
divided pieces of rubber or gutta-percha are introduced into liquid chlorine 
at — 50°C. It is therefore necessary to be on guard against any reac¬ 
tion of chlorine with rubber in anything like large quantities and one 
should, in any case, beware of letting liquid chlorine react at the more ele¬ 
vated temperatures with major amounts of rubber all at once, as the reac¬ 
tion is likely to become uncontrollable. “ The products are generally in¬ 
soluble, only those containing a very large percentage of chlorine (65-70%) 
being soluble. Apparently, cross-linking reactions are apt to occur during 
chlorination as a secondary reaction, this being a much rarer occurrence 
with chlorination in dilute solution because the solvent molecules keep the 
rubber molecules further apart. The solubility of products of large chlo¬ 
rine content is due to chlorinolysis. Under the severe conditions employed, 
the chlorine disrupts C—C bonds of the chlorinated rubber molecules with 
the formation of smaller fragments. 

CHARACTER OF THE CHLORINE-RUBBER BOND 

Some experiments were performed to discover how much chlorine is 
combined by substitution. This can be deduced fairly easily from the 
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quantity of hydrochloric acid generated, since one molecule of HCl is 
liberated for every chlorine atom combined by substitution. 

In these experiments, the results of which are given in Figure 4, a solu¬ 
tion of chlorine gas in carbon tetrachloride of known concentration was 
dripped into a given amount of rubber solution in carbon tetrachloride at 
60°C. It would seem that it is especially in the initial stages of chlorina¬ 
tion (below 30% of combined chlorine) that the reaction proceeds almost 
entirely by substitution. In the case of products with 50-55% of com- 



Fig. 4. The quantity of substituted chlorine as 
a function of the chlorine content. 


billed chlorine, the chlorine is bound additively to the extent of 40%. This 
is consistent with the view that an addition of chlorine on the double bond 
follows substitution of one chlorine atom per isoprene unit. The possibil¬ 
ity remains, however, that there may be a certain amount of splitting-off 
of HCl from the chlorinated rubber during the reaction. The aniline test 
indicates that the primarily bound substitution chlorine possesses a reac¬ 
tivity which, according to experiments with model substances, fits in with 
a linkage at the allylic position. 

It will be seen from Figure 5 that the quantity of reactive chlorine split 
off ill the aniline test decreases with increasing chlorine content. Products 
containing about 30% of chlorine show that roughly 80% of this chlorine 
is reactive in the aniline test. This reactivity drops to approximately 15% 
in chlorinated rubbers with 60-66%, but begins to increase again above 
67% of chlorine. 

The remarkable point about this is that the results recorded in Figure 5 
are those obtained with chlorinated rubbers produced under the most 
divergent reaction conditions with variation of temperature, pressure^ 
source of chlorine (gaseous or liquid), rubber (solid or in solution), exposure 
to light, and catalysts. It is evident, therefore, that however much we 
varied these conditions we were unable to combine chlorine with rubber 




648 


AMERONGEN, KONINGSBERGER, AND SALOMON 


in any fundamentally different way. The minor variations found in 
Figure 5 may be due in part to lack of homogeneity of the chlorinated rub> 
her. In Part II we shall discuss methods that do make it possible to com- 
Hne chlorine with rubber in a different way and to which the relation found 
in Figure 5 does not apply. 

The results of the aniline test tend to show that in all instances the 
chlorine is first mainly bound by substitution at an allylic position. With 
50% of chlorine, chlorinated rubber contains, on an average, two chlorine 
atoms per isoprene unit. We have to assume that roughly half the iso- 
prene units contain only one loosely bound allylic chlorine atom, whereas the 
other half of the isoprene units contain three atoms far more firmly at- 



Fig. 5. Percentage of reactive chlorine in the aniline test 
as a function of chlorine content. 


tached. This is compatible with an average reactivity of the total chlo¬ 
rine in a chlorinated rubber of this kind with aniline of approximately 45%. 
The increase in reactivity with aniline of chlorinated rubber with more than 
67% of chlorine may be due to the formation of —CCla groups, which are 
very reactive with aniline, as has been shown in Figure 1 for polyvinylidene 
chloride. 

It has been stated'^ that a substitution of chlorine at the allylic position 
is liable to occur at very low temperatures (0 to — 60°€.) with great rate 
of reaction in the chlorination of branched olefins, such as isobutene and 
trimethyl ethylene, in the liquid phase. The following two Chlorides are 
formed from trimethyl ethylene: 

CH. 

ch,-<!>=ch--ch, + cu-► 


CH, 

CHf^i-CHCI-CH, and 


CH,C1 


CH, 

—-xii^sC] 


H—CH, + HCl 
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when at the same time allylic rearrangement between the two products 
takes place. This substitutive chlorination of isobutylene and trimethyl 
ethylene illustrates a fairly general rule formulated by Kondakoff^* in 1891 
to the effect that olefins which combine readily with mineral acids yield 
monochloro olefins, whereas those which do not, yield the normal addition 
products on treatment with chlorine. Natural rubber and gutta-percha 
possess a structure very similar to that of trimethylethylene and these 
polymers combine readily with a mineral acid such as HCl. Thus the 
primary substitutive reaction of these polymers is in line with the behavior 
of olefins in general. 

Although the chlorination of hydrocarbons generally constitutes a free 
radical type of reaction, it is nevertheless a tenable conjecture that, with 
olefins, the primary reaction in chlorination is of an ionic nature. It has 
been found that the normal primary chlorination of rubber and like olefins 
with chlorine cannot be accelerated by normal free-radical chain-initiating 
agents. Nor can the chlorination be arrested by the known chain reaction 
inhibitors. Arguments can be advanced^*^ to show that the rate-determin¬ 
ing step is addition of a positive chlorine ion to the double bond to form a 
carbonium ion and a negative chlorine ion. 

CHa CH, 

-ch,-4!:=ch-ch.— + a, -» -ch,-c-ch-cHi— + a- 

• ii 

The intermediate carbonium ion follows several distinct reaction courses. 
It may be that a proton splits off. The double bond resulting from the 
elimination of the proton will be formed preferentially between the carbon 
bearing the positive charge and that adjacent carbon atom which is the 
most richly endowed with electrons, and it is from this carbon atom that 
the proton splits off.^® We may then obtain the following chlorinated 
rubber structures: 


CH, CH, 

(a) —CH,—i:—CH—CH," + Cl"-» —CH==(!:—CH—CH,— + HCl 

® (!:i ii 


(b) 


CH, 

—CH,—I:—CH—CH,— + HCl 

il 


Apart from this, we have to allow for the possibility of the carbonium 
ion’s reacting with a Cl~ ion with the formation of a normal chlorine addi¬ 
tion product, as follows: 

CH, CH, 

(c) —CH,—<!:—CH—CH, + Cl--» —CH,—i—CH—CH,— 

® ^1 i il 
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On the evidence of the quantity of HCl split off and the results of the 
aniline test, however, it is quite certain that only infinitesimal amounts of 
this rubber dichloride are formed, if at all. 

Bloomfield* argues from iodine number determinations that the following 
cyclization reaction is likely to take place: 

CH, CH, 

(d) —CH,—d:—CH— ch,-ch,-(!:=ch—CH,— + ci--> 

® i. 


CH, CH. 

—CH,—i—CH—CH,—CH=(!:—CH-CH,— + HCl 

I d:i I 


In view of the fact that chlorinated rubbers in solution are of relatively 
low viscosity compared to their molecular weight, Staudinger and Stand* 
inger^* likewise come to the conclusion that considerable cyclization must 
have taken place during the chlorination. These authors assign a differ¬ 
ent structure to cyclized chlorinated rubber from that suggested by Bloom¬ 
field. They presume that the methyl group reacts with the main chain 
during cyclization, and that other, unknown cyclization reactions also 
occur. It is certainly not difficult to see that there are alternatives to the 
structure assigned by Bloomfield to cyclized chlorinated rubber. The 
fact alone that the reaction products of liquid chlorine with solid rubber are 
usually insoluble shows that not only intramolecular, but also intermolecu- 
lar cross-linking reactions are probably involved. It is especially at the 
more elevated temperatures that cyclization reactions are likely to predom¬ 
inate over the chlorination reactions (a) and (b). 

It is interesting to note that, except when there is addition, the combina¬ 
tion of chlorine is invariably accompanied by a shifting of the double bonds. 
Such displacement, with the formation of an RiR 2 C==CH 2 group is borne 
out by the evidence of infrared investigations.^^ 

Where chlorination is slow, we n^ust be prepared to find that the HCl 
evolved may be added on to the original polyisoprene double bond. This 
side reaction, which leads to rubber hydrochloride structures, can be 
avoided by chlorinating quickly, or by immediately evacuating the HCl 
generated by means of an inert gas. 

The further chlorination of the primary products of chlorination may be 
supposed to proceed anew via a carbonium ion. The smaller quantity of 
HCl evolved at this stage would seem to indicate that considerable addition 
now takes place, even though, side by side, substitution may likewise occur 
with displacement of the double bond or cyclization. This greatly in¬ 
creases the number of conceivable chlorinated rubber structures with large 
chlorine contents, and the manner in which the chlorine is combined in 
these structures is very complicated. 
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Resume 

En vue d’6tudier les reactions entre le chlore et le caoutchouc, le caoutchous a 6te 
traite, ^ I’ctat solide et en solution, avec du chlore gazeux et liquide. Des quantites 
d’acide chlorhydrique, qiii se forment au oours de la reaction, ainsi que de la reactivite 
du chlore combine a T^ard de raniline, on conchit que la reaction primaire consiste 
principalement dans und reaction de substitution du chlore en position allylique. Cette 
substitution pai ie chlore est consider^ du type ionique avec fonriation interrn6diaiie 
d’un ion carbonium. Par continuation de la chloruration, le chlore s’additionne b la 
double liaison. II n’y a pas d’exception a ce cours normal de la reaction dans n’importe 
quelle des conditions envisagees. Des caoutchoucs chlor6s cf>ntenant 65 b 70% de 
chlore out el6 obtenus en un temps tres court en traitant les solutions de caoutchouc avec 
le chlore gazeux sous une pression de 10 a 12 atmospheres a une temperature d’environ 
100°C. Les caoutchoucs chlores d’une teneur similairc en chlore out ^galeinent et4 
obtenus par reaction du chlore liquide sur du caoutchouc solide a une temperature vois- 
ine de 100 °C. II y avait toutefois des signes de carbonisation au cours de cette derniere 
reaction, lorsqiie de grandes quantites de materiel sont soumises a la reaction en m6me 
temps. 


Zusammenfassung 

Um die Reaktion zwischen Kautschuk und Clilor zu untersuchen, wurde Kautschuk 
in Lcisung und fester Kautschuk unter sehr verschiedenen Bedingungen mit gasformigem 
und fllissigem Chlor in Reaktion gebracht. Aus der Menge HCl, die wahrend der Reak¬ 
tion entwickelt wird, und aus der Reaktionsfahigkeit von gebundenem Chlor gegenliber 
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Axulin kann geschlossen werden, dass die primMre Reaktion durch Substitution von 
Ghlor in der AUylstellung vor sich geht. Diese Chlorsubstitution wird als eine lonen- 
reaktion angesehen, unter Bildung eines intermediSren Carboniumions. Bei weiterer 
Chlorierung wird Ghlor an die Doppelbindung angelagert. Unter keiner der angewand- 
ten Bedingungen trat eine deutliche Abweichung von diesem Reaktionsverlauf auf. 
Ghlorierter Kautschuk mit 65 bis 70% Ghlorgehalt wurde in kurzer Zeit bei Behandlung 
von Kautschuklosungen mit gasformigem Ghlor unter 10 bis 12 Atmosph&ren Druck bei 
Temperaturen von ungefahr 100 ^G. erhalten. Ghlorierter Kautschuk mit ^nlichem 
Ghlorgehalt wurde auf edmliche Weise aus festem Kautschuk durch Reaktion von fliissi- 
gem Ghlor bei Temperaturen in der Nahe von 100 ®G. hergestellt aber wenn grbssere 
Mengen von Material zur gleichen Zeit in Reaktion gebracht wurden, traten bei dieser 
Reaktion Zeichen von Garbonisierung auf. 

Received August 24,1949 
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and Properties of Rubber Dichloride* 
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INTRODUCTION 

As we have seen in Part I, the chlorination of rubber with chlorine under 
the most varied conditions leads to products in which the chlorine is ini¬ 
tially attached fairly loosely to an allylic carbon atom.^ Consequently, 
chlorinated rubbers of low chlorine content have rather poor properties. 

We shall now proceed to describe two methods by means of which, with 
saturation of the double bond, chlorine is introduced into rubber and the 
formation of products with allylic chlorine is avoided. In this way chlorin¬ 
ated rubbers of comparatively low chlorine content can be obtained, 
these being considerably more stable than the products of the same chlorine 
content resulting from the direct chlorination of rubber. One of these 
methods depends upon a catalytic additive chlorination of rubber with 
sulfuryl chloride; the principle of the other is the addition of IICl onto 
rubber followed by normal chlorination. 

The aniline test described in Part I (in wliich the chlorinated rubber is 
heated with aniline for 17 hours to 100°C.) was again employed to estab¬ 
lish the nature of the chlorine bond in chlorinated rubber. Under the 
conditions of this test, allylic and tertiary combined chlorine reacts quantita¬ 
tively. Chlorine attached by addition to the double bond of the rubber 
reacts to the extent of only about 4%. We are therefore in a position to 
mark off clearly allylic and tertiary chlorine from addition chlorine. This 
reactive tertiary chlorine is introduced into rubber by the addition of 
HCl, with the formation of rubber hydrochloride. In the chlorination of 
rubber we are mainly concerned with allylic and addition chlorine, be¬ 
tween which the aniline test distinguishes unmistakably. Moreover, the 
splitting off of the chlorine from chlorinated rubber with aniline gives us 
a good idea of its chemical stability. 

REACTION OF SO 2 CI 2 WITH ORGANIC SUBSTANCES 

SO 2 CI 2 is an interesting reagent because there are different ways in which 
it reacts with organic substances.*-* 

It is a source of chlorine molecules at the more elevated temperatures 

* CoDimunication No. 115 from the Rubber Foundation. 
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or in presence of halogen carriers, such as iodine. Under these conditions 
the same chlorinating reaction can be induced as with gaseous chlorine, 
with the advantage that the reaction is far more orderly with SO 2 CI 2 . 
This form of reaction has already been applied to natural rubber,^ 

The second kind of reaction results in the introduction of a sulfonyl 
chloride group into organic molecules and takes place at 40-60°C. under ex¬ 
posure to light and in the presence of a catalyst, e,g., pyridine .2 
There is yet another technique—effecting a chain reaction catalyzed with 
peroxide, the study of which has been the special concern of Kharasch et 
aL The reactions can be divided roughly into two classes, i.e.^ those with 
saturated and those with unsaturated organic compounds. Various sub¬ 
stitutions can be effected with saturated compounds^® the results being 
more or less the same as those obtained by chlorination with chlorine gas 
under exposure to light. There is reason to believe that this reaction 
proceeds via chlorine atoms. It has been applied to polyethylene. 

The chain reaction of SO 2 CI 2 with ethylenic compounds is of particular 
interest to those concerned with rubber. Substances such as cyclohex¬ 
ene, allyl chloride, and the like react with SO 2 CI 2 when the corresponding 
dichlorides are formed; hence the double bond becomes saturated as 
chlorine is added on. Catalysts such as ascaridole or benzoyl peroxide are 
used. Kharasch and Brown drew up the following scheme for a chain 
reaction of this kind: 

Peroxide —. » R* 


R* + SO2CI2- > 

♦SO2CI -► 

Cl* + . 

/ \ 




“C -f“ SO2CI2 • 


RCl + *S02C1 
SO 2 4- Cl* 

w 

\—(f + *80201 


REACTION OF SOjQ* WITH GUTTA-PERCHA 

Bloomfield^^ has applied the free-radical chain reaction of SO 2 CI 2 to 
rubber. He found that peroxides such as benzoyl peroxide catalyze the 
additive chlorination of very carefully purified natural rubber. With 
ordinary crepe rubber, on the other hand, the reaction was for the most 
part substitutive. It would seem that the contaminations of nonpurified 
rubber interfere with the free-radical chain reaction. 

For a reliable study of the reaction between SO 2 CI 2 and natural rubber, 
therefore, a necessary condition is that the rubber used should have pre¬ 
viously been dependably freed from all nonrubber constituents. Exhaustive 
purification of natural rubber, however, is a very difficult and tedious proc¬ 
ess. Here, Nature comes to our aid, for gutta-percha is a natural trans 
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isomer of polyisoprene possessing chemical properties very similar to those 
of natural rubber and is very easily purified. There is good reason to 
believe that those reaction conditions that are found to apply to gutta¬ 
percha will be valid for natural rubber. 

Prime quality commercial gutta-percha is purified by dissolving it in 
petrol ether at raised temperature and then crystallizing the gutta-percha 
by cooling the solution down to 0°C., when the crystal mass can be filtered 
off and dried. The melting point of purified gutta-percha is at approxi¬ 
mately 65®C. 


TABLE I 

Reaction of SO2CI2 with Gutta-Percha in a 3 % CCI4 Solution 


Condi tionB 

Time, 

min. 

Temp., 

“C. 

% Cl 
in 

product 

% 

reactive 

Cl 

As such. 

30 

20 

24.0 

7 

As such. 

10 

5 

32 5 

6 

+ ultraviolet light. 

30 

20 

34.5 

5 

-1-5% tetralin hydroperoxide. 

30 

20 

30.5 

6 

4-5% benzoyl peroxide. 

2 

10 

32.5 

6 

-f 5% benzoyl peroxide. 

10 

20 

28.5 

7 

4-5% benzoyl peroxide. 

30 

77 

37.5 

7 


The results of some reac;lions of SOjCh with gutta-percha solutions in 
carbon tetrachloride of a 3% concentration by weight are listed in Table I. 
In these and subsequent experiments the quantity of solution was generally 
60 cc., to which SO 2 CI 2 was added in the amount calculated to produce a 
chlorine content of 25 to 35%. The recorded times of reaction can gener¬ 
ally be considerably shortened if peroxides are present, in which case the 
whole reaction is completed within a very short period—in about five min¬ 
utes—with the evolution of a great deal of heat. Table I shows that 
chlorine combines during the reaction of purified gutta-percha with SO 2 CI 2 , 
the combined chlorine having very little reactivity in the aniline test. The 
addition of peroxides, or radiation with ultraviolet light, produces virtu¬ 
ally the same results. The slight reactivity of the chlorine in the aniline 
test goes to show that there has been addition of chlorine, a fact which 
was moreover proved by measurements made of the quantity of HCl which 
would have been evolved during a substitutive reaction. Very little HCl, 
or none at afi, was formed during the experiments rec orded in Table I. 
The additive chlorination reaction of SO 2 CI 2 with gutta-percha is entirely 
comparable to the additive reactions found by Kharasch and Brown^® with 
olefins under the catalytic influence of peroxides. The very fact that an 
additive reaction is found with gutta-percha in itself points to the presence 
of gutta peroxides. 

The particulars given in Table II corroborate the supposition that the 
reaction with gutta-percha is actuated by a chain mechanism. It is evident 
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TABLE II 

Reaction of SO2CI2 with Gutta-Percha in a 3 % CCI4 Solution in the 


Presencb of Inhibitors 

Time. Temp.. 

%a 

in 

reactive 

Inhibitor 

min. 

®C. 

product 

Q 

5% hydroquinone. 

60 

20 

8.5 

64 

5% hydroquinone. 

90 

20 

10.0 

77 

5% di-/er/-amy]hydroquinone. 

90 

15 

6.5 

91 

5% i$>naphthol. 

90 

20 

4.5 

73 

5% |8-naphthol. 

60 

70 

21.0 

72 


from Table II that certain antioxidants serve as inhibitors in the additive 
chlorination reaction with gutta-percha. Insofar as there can be said to 
be any reaction at all, this, on the evidence of the percentage of reactive 
chlorine, takes place mainly by substitution. The substitutive reaction is 
fostered by letting the reaction take place at higher temperature, because 
this facilitates the decomposition of SO 2 CI 2 and the formation of chlorine 
molecules^® which react in the ordinary way, that is to say, substitutively. 
The more soluble the agents are, so much more cCFectively do they inhibit 
the reaction. Hydroquinone dissolves badly and is therefore less useful 
than di-ierf-amyl hydroquinone or 0-naphthol. The very fact that sub¬ 
stances exist which completely inhibit the additive reaction proves that 
there is a chain reaction. This chain reaction is obviously initiated by 
peroxides; hence the inhibitive effect of the antioxidants mentioned con¬ 
sists either in neutralizing the peroxides or reacting with whatever radicals 
are liberated from those peroxides. 


Table III 

Reaction of SO2CI2 with Gutta-Percha in a 3% CCI4 Solution in the 
Presence of Catalysts 


Catalyst 

Time, 

min. 

Temp., 

®C. 

%C1 

in 

product 

%. 

reactive 

Cl 

5% aldol a>naphthylamine. 

^0 

20 

27.0 

79 

5% phenyl jS-naphthylamine. 

60 

20 

27.0 

81 

5% pyridine. 

... 60 

20 

22.5 

82 

5% diazoaminobenzene. 

12 

20 

23.5 

81 

5 % diazoaminobenzene. 

60 

20 

28.5 

81 

Some NO gas. 

60 

20 

30.5 

80 

5% cetylpyridinium bromide. 

60 

20 

128.5 

74 

5% tetraphenyl hydrazine. 

15 

30 

23.0 

80 

5% isoamyl nitrite. 

30 

20 

30.0 

79 


An entirely different state of affairs is revealed by Table III, from which 
it is clear that numerous substances, including several antioxidants, not 
only inhibit the additive reaction, but so change the course of things that, 
judging by the percentage of reactive chlorine, a considerable substitution 
of chlorine takes place. A fact common to all the catalysts listed in Table 
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III is that they contain nitrogen in the form of amino or nitroso groups. 
The substances probably owe their effect to their ability to liberate molec¬ 
ular chlorine from SO 2 CI 2 , or to act as chlorine transmitters, when the 
chlorine reacts exactly as does ordinary chlorine gas, that is to say, sub- 
stitutively. The quantity of HCl evolved was a further attestation to 
the presumed substitution of chlorine. The fact that only 80% of the 
combined chlorine is reactive would seem to show that some of the chlorine 
is not held at the allylic position, or that certain changes of structure have 
taken place during chlorination, possibly owing to cyclization and displace¬ 
ment of the double bond. 

REACTION OF SO 2 CI 2 WITH NATURAL RUBBER 

The reaction of SO 2 CI 2 with rubber in solution was initially studied for the 
main purpose of producing homogeneous products containing from 20 to 
50% of chlorine. We saw in Part I that it is a fairly simple matter to ob¬ 
tain products of this chlorine content by introducing chlorine gas into a 
rubber solution, but that, upon fractionation, these products vary enor¬ 
mously in chlorine content. SO 2 CI 2 , however, provides a means of ob¬ 
taining products that are homogeneous."^ The required quantity of SO 2 CI 2 
was mixed with the rubber solution at a low enough temperature, c.^., 
0°C., to ensure homogeneous mixing before the reaction started. The reac¬ 
tion can be set in motion after the materials have been mixed, either by 
waiting for some time, or by raising the temperature slightly. 

TABLE IV 


Reaction of SO2CI2 with Natural Rubber in a 3% CCI4 Solution 


Rubber 

Time, 

min. 

Temp., 

•c: 

%a 

in 

product 

% 

reactive 

Cl 

Standard sheet. 

20 

0 

29.5 

96 


60 

20 

20.0 

86 


60 

20 

38.0 

75 


60 

77 

28.5 

88 


60 

77 

47.5 

49 

Deproteinized crepe. 

60 

25 

24.0 

87 


60 

77 

29.0 

82 

Deproteinized purified rubber. 

30 

25 

31.0 

19 


30 

25 

28.5 

31 


Table IV shows that the reaction with sheet or deproteinized crepe is 
substitutive, which is comprehensible, since sheet contains roughly 7% 
of nonrubber components consisting partly of amino acids and amines. 
These nitrogen-containing substances have the same catalytic effect upon 
the reaction as the agents listed in Table III. The deproteinized crepe 
is a commercial product which still contains 1 to 2% of nonrubber com¬ 
ponents, which apparently is quite enough to deflect the reaction toward 
substitution. The results are improved by careful purification of the 
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rubber by treating latex with caustic soda and then extracting the rubber, 
but this is a very tedious process. Fractionating tests proved that the 
reaction products are, on the whole, highly homogeneous. 


TABLE V 

Reaction of SOaCh with Natural Rubber in a 3% CCI4 Solution in 
THE Presence of Chain Initiating Agents 


Rulkber 

Gatalyit 

Time. 

min. 

T«gp„ 

%C1 

in 

product 

% 

reactive 

a 

Sheet. 

2% benzoyl peroxide 

60 

20 

25.0 

86 


5% benzoyl peroxide 

60 

77 

27.5 

82 

Crepe. 

5% urea peroxide 

40 

20 

6.5 

81 


5% di-/eW-butyl per¬ 
oxide 

40 

20 

11.5 

75 


3% fert-butyl per- 
benzoate 

40 

20 

13.5 

76 

Deproteinized 
crepe. 

5% ascaridole 

60 

25 

29.5 

17 


5% ascaridole 

60 

77 

26.0 

68 


5% benzoyl peroxide 

60 

20 

19.0 

77 


Ultraviolet light 

60 

4 

17.0 

21 



30 

20 

28.0 

8 


«« ** 

30 

77 

27.5 

43 

Crepe. 

Ultraviolet light 

60 

0 

20.5 

28 


«4 «« 

60 

15 

27.5 

17 


«t it 

60 

20 

22.5 

49 


It it 

60 

40 

25.5 

70 


«« «« 

60 

77 

26.5 

83 


We see by Table V that ultraviolet irradiation of the reaction mixture 
in a quartz tube favors additive reaction* The low percentage of reactive 
chlorine testifies to the fact that ordinary and deproteinized rubber yield 
an addition product in the main, especially at low temperature. The 
other auxiliaries used, with the exception of ascaridole, have no appreci¬ 
able effect. The startling point about this is the virtual inertia of benzoyl 
peroxide, which used to be a favorite promoter of the additive reaction. 
The probable explanation is that the quantity of radicals formed out of 
benzoyl peroxide is too small to suppress the substitutive reaction acceler¬ 
ated by the natural amines present. 

It is evident from Table VI that organic hydroperoxidies are exceedingly 
active chain initiators of the additive chlorination of rubber. These sub¬ 
stances are apparently able to defeat the substitutive catalysis of the 
nonrubber components. The procedure is to add the hydroperoxide and 
subsequently the SO2CI2 to the rubber solution. After a short induction 
time, the reaction starts violently with the evolution of a great deal of heat. 
As a rule, the reaction is completed within three minutes, though the 
mixture is generally allowed to continue to react a little longer, as in the 
majority of the experiments to which Table VI refers. It is advisable to 
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TABLE VI 

Reaction of S02C1* with Natuhal Rubber in a 3% Solution in the 
Presence of Hydroperoxide Chain Initiators 


Rubber 

Solvent 

Catalyst* 

Time, 

min. 

Tej^., 

product 

% 

reactive 

a 

Sheet. 

CCI4 

5% ethyl HP 

60 

25 

26.0 

13 


CCI4 

(( <« it 

30 

77 

17.5 

60 

Deproteinized 
crepe. 

CCI4 

it it it 

60 

77 

16.5 

33 

Crepe. 

CCI4 

5% tetralin HP 

10 

25 

23.5 

6 


CCI4 

it it it 

60 

25 

35.0 

5 


CHCI 3 

it it it 

30 

20 

24.5 

36 


Benzene 

it it it 

30 

20 

26.0 

11 


CCI4 

(( 

1 % 

tert-isobutyl HP 
3% “ 

30 

30 

20 

20 

10.5 

27.5 

23 

5 


(t 

4% “ 

30 

30 

47.0 

7 


4 t 

4% “ 

30 

40 

43.5 

14 


ti 

5% “ 

30 

20 

28.0 

5 


t( 

5% 1-hydroxy- 

30 

15 

20.0 

7 


cyclohexyl HP 


* HP *= hydroperoxide. 

mix at low temperature 0®C.) so that the reaction shall not begin before 
the SO 2 CI 2 has properly mixed with the material. At the higher tempera¬ 
tures 77°C.) the reaction is less favorable for addition, possibly be¬ 
cause the peroxide then decomposes too soon and because SO 2 CI 2 dissoci¬ 
ates more readily at high temperature into chlorine molecules^* which react 
substitutively. It has been found that more than 3% of hydroperoxide 
relative to the rubber is required if the additive reaction is to proceed 
satisfactorily. The chlorine content of the end products depends upon the 
quantity of SO 2 CI 2 used. Generally speaking, a yield of 80 to 90% of the 
SO 2 CI 2 may be depended upon for additive reactions in presence of hydro¬ 
peroxide. As a rule, the products also contain 1 to 2% of combined sulfur, 
which may be present in the form of SO 2 CI groups or as added on SO 2 
evolved in the course of the reaction. The theoretical chlorine content of 
51% is never attained. Then, some degree of substitution sometimes 
occurs and the chain reaction can come to a standstill if the reaction pro¬ 
ceeds too slowly. The best reactions with the best yields are those which 
are obtained in the shortest time. 

ANALYSIS OF SOME OF THE REACTIONS 

(f) 5.02 g. SO 2 CI 2 were added to 100 g. of 3.06% solution of crepe in carbon tetra¬ 
chloride and these reacted first for 45 minutes at 25 ®C., then for 45 minutes at 75 ®C. 
The escaping reaction gases—which may consist of SO 2 , HCl, and some unconsumed 
SO 2 CI 2 —were collected in a NaOH solution, in which chloride content was determined 
by titration, the SO 2 content by iodometry, and the SO 4 content (derived from SO 2 CI 2 ) 
by gravimetry. According to the SO 2 collected, 4.2 g. of SO 2 CI 2 had reacted. The 
amount of HCl collected was 1.232 g., 0.270 g. of which was derived from distilled SO 2 - 
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Gls. From thb we are able to calculate that 3.56 g. of SO 2 CIS had reacted substitutively 
and, therefore, 0.64 g. additively. Hence the chlorine content of the chlorinated.rubber 
should be 29.4%, 74% of which was substituted. Actually the product contains 28.9% 
of chlorine, 83% of which is found to be reactive according to the aniline test. 

(2) 153 mg. (5%) tetralin hydroperoxide and 4.24 g. SOsClj were added to 100 g. of a 
3.06% solution of crepe in carbon tetrachloride, these reacting for 30 minutes at 25 
and then for 30 minutes at 75*^0. On the evidence of the SOt collected, 2.62 g. SOtCb 
had reacted with the rubber. 0.16 g. HCl was collected, this being derived entirely 
from distilled SO 2 CI 2 . From these data the calculated chlorine content of the chlorin¬ 
ated rubber is 31.5%, added on to the extent of 100%. In fact, the product contains 
29.7% chlorine, 8% of which is reactive according to the aniline test. The product also 
contains 1.3% sulfur. 

Both these experiments, which could be supplemented by others, dem¬ 
onstrate the reliability of the aniline test as a standard for the degree 
of substitution and addition, since the results of this test accord with the 
quantity of HCl collected and the amount of SO 2 CI 2 which had reacted. 

GELATION OF ADDITIVE CHLORINATED SOLUTIONS 

One danger attending the preparation of additive chlorinated rubber 
with SO 2 CI 2 is that after the reaction the solution may show a strong tend¬ 
ency to jellify. Some experiments were performed witli the special in¬ 
tention of discovering the conditions which enc ourage this gelation and how 
it is to be avoided. The line mainly followed was to observe the changing 
viscosity, determining this by approximation by measuring the time of 
efflux from a pipet. The following conclusions were drawn. 

{!) The rate of gelation depends upon the reaction temperature. A 
higher temperature, though the contrary of conductive to additive chlorin¬ 
ation, causes less gelation in the solution of the reaction product. 

(2) The rate of gelation increases with the gelation temperature. A 
given reaction mixture jellifies at 65®C. within two hours of the reaction, 
within five hours at 20®C., and within 72 hours at 0®C. During the re¬ 
action itself, which is often accompanied by elevation of temperature, 
considerable increase in viscosity takes place as compared to that of the 
initial solution. 

(3) Light appreciably fosters gelation. 

(4) Traces of water (e.g., 1% relative to the solution) considerably ac¬ 
celerate gelation, even in the dark. Antioxidants, such as benzidine or 
di-ter/-amylhydroquinone, have no effect at all. 

(5) The gases NO or N 2 O 8 introduced in small amounts into the re¬ 
action mixture arrest gelation both in the dark and in light. 

(6) The addition of a small amount of HI solution to the reaction mix¬ 
ture not only prevents any increase in viscosity, but even reduces it sub¬ 
stantially in the long run. In a given instance the viscosity was reduced 
by half after three hours at O^C. and after 72 hours at 20^C. to as much as 
one tenth, thus dropping to the viscosity of the initial rubber solution. 
Iodine too, which is always present in HI, similarly decreases the viscosity. 
The smallest amount still producing perceptible effect was 0.6% HI + 
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0.1% I 2 (relative to the chlorinated rubber) in a 10% solution in H 2 O. 
The reducing effect upon the viscosity increases with the amount of HI 
used. 

(7) A small amount of chlorine gas first increases the viscosity, this 
being followed by rapid and effective decrease upon exposure to diffuse 
daylight. HCl has no effect. 

(8) The addition of approximately 5% of a hydroperoxide (relative to 
the chlorinated rubber) to the solution after the reaction stops gelation 
and greatly reduces the viscosity. 

We thus see that there are various means by which gelation can be coun¬ 
teracted. The cause of gelation is not yet properly understood, but it 
may be suggested that the free radi(‘als still present after the reaction 
initiate cross-linking reactions between the chlorinated rubber molecules. 
If this is so, the effect of HI, for example, would be due to destruction of the 
free radicals present. Similarly, the breaking up of the polymer network 
would be responsible for the activity of a hydroperoxide or chlorine and 
light. 

Some connection might be suggested with the gelation which occurs 
during the reaction of SO 2 with rubber under the influence of a peroxide, 
with the formation of rubber sulfones,^®*^^ as SO 2 in large quantities is also 
liberated in the reaction of SO 2 CI 2 with rubber in the presence of the same 
peroxides as those employed for the SOa-rubber reaction. 

CHLORINATION OF RUBBER HYDROCHLORIDE 

The (chlorination of rubber in solution leads to partially cyclized chlorin¬ 
ated rubber derivatives, the chlorine being distributed rather at random in 
the molecule. Rubber hydrochloride, in which the double bonds are sat¬ 
urated by the addition of HCl, seemed a suitable starting material for the 
production of more precisely defined chlorinated rubber derivatives. It is 
probable, moreover, that owing to the absence of double bonds only linear, 
noncyfclized molef'ules of chlorinated rubber are formed. 

The chlorine content of the rubber hydrochloride used was 30.1% and 
it was prepared by dissolving commercial Pliofilm in chloroform and pre- 


TABLE VII 

Chlorination of Rubber Hydrochloride in a 2.5% CCI 4 Solution 

WITH Chlorine Gas 



Time, 

Temp., 

% Cl 
in 

ClloDditions of light 

hra. 

*»C. 

product 

Dark. 

3 

25 

35.5 

Dark. 

3 

77 

44.0 

Daylight. 

3 

25 

60.0 

Daylight. 

3 

77 

59.0 

Electric lOO-watt light. 

3 

20 

62.0 

Ultraviolet light. 

3 

20 

71.5 

Ultraviolet light. 

3 

77 

69.5 
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cipitating with alcohol. As a rule 60 cc. of carbon tetrachloride solution 
in a concentration of 2.5% by weight were used for an experiment. Table 
VII shows that radiation with light—especially with ultraviolet light— 
greatly accelerates the reaction/® which tends to result in chlorinated 
rubbers of exceptionally high chlorine contents, comparable with those 
obtained by direct chlorination of rubber.^ There were several substances 
which had an inhibiting effect upon the chlorination at room temperature 
in daylight, viz., diazoaminobeiizene, phenyl /S-naphthylamine and tetralin 
peroxide, in particular. Some degree of inhibition was experienced with 
oxygen too, which is consistent with its well-known inhibitive effect upon 
the chlorination of paraffins.^® Iodine, on the other hand, in amounts as 
much as 5% relative to the rubber hydrochloride acted catalytically even in 
the dark, thus promoting chlorination. 



Fig. 1. Relation between chlorine content and per¬ 
centage of reactive chlorine of chlorinated rubber hy¬ 
drochloride. 


As is evident from Figure 1, the percentage of reactive chlorine, as deter- 
* mined by the aniline test, was found to stand in a striking relation to the 
chlorine content in chlorination experiments carried out at room tempera¬ 
ture. The introduction of a new chlorine atom into rubber hydrochloride 
stabilizes the chlorine atom already produced by the hydrochlorination. 
The total amount of the chlorine in rubber hydrochloride is reactive in 
the aniline test proving that this chlorine is attached to the tertiary carbon 
atom. By the introduction of a second chlorine atom—which is fully 
accomplished with a Cl content of 51%—a product is obtained in which 
both chlorine atoms are stable according to the aniline test. Figure 1 
shows the theoretical line calculated on the assumption that every chlorine 
atom introduced stabilizes a chlorine atom already present. The experi¬ 
mental evidence proves to approximate this line very closely. 
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In monochloro paraffins the substitution of a second chlorine atom is 
often directly adjacent to the first. It is also a general rule that second¬ 
ary carbon atoms are chlorinated more quickly than primary ones.^^ 
If this is assumed also to hold good for the chlorination of rubber hydro¬ 
chloride, the structure of a chlorinated rubber hydrochloride with 51% 
Cl should be mainly as follows; 

CHa 

—CH,—d—CH—CH,— 

di ii J„ 

This is the same structure as that of the product obtained from the re¬ 
action of SO 2 CI 2 with rubber under the influence of a peroxide. The two 
products do, in fact, exhibit the same stability toward aniline, whereas the 
product derived from the direct chlorination of rubber containing 51% 
of chlorine is reactive to the extent of 45%. 

Quite probably, however, the second chlorine atom is not always sub¬ 
stituted on the same side to the first one, in which case the structure might 
be less regular than suggested. There will undoubtedly be some substitu¬ 
tion of chlorine at the primary carbon atom (in the methyl group). The 
substitution of chlorine at the following sccoridary carbon atom (in the 
1,3 position) cannot be ruled out completely, but it is unlikely because 
the tertiary chlorine atom would then be more reactive in the aniline test 
than it has in fact been found to be. 

STABILITY AND MECHANICAL PROPERTIES 

The chemical stability of various products of chlorination is apparent 
from Table VIII. The evidence of this stability is furnished by the split¬ 
ting off of the chlorine, not only in the aniline test, but also in the H 2 O test. 
In the latter test 1 g. chlorinated rubber is moistened with 1 cc. alcohol, 
after which 25 cc. H 2 O are added and the whole is heated in a sealed tube 
to lOO^C. for 17 hours. The amount of hydrochloric acid split off is ti¬ 
trated. The recorded percentages of split off chlorine are relative to the 
total amount of chlorine originally present. It is clear from Table VIII 
that the aniline and H 2 O tests produce correlating figures. The stability 
of the products of the addition of CI 2 to rubber with SO 2 CI 2 and peroxide, 
and that of chlorinated rubber hydrochloride is considerably greater than 
the stability of the others. 

The mechanical properties of products chlorinated by addition depend 
very much upon the chlorine content. A product of additive chlorination 
containing 23.5% chlorine (prepared with SO 2 CI 2 ) was vulcanized for 10 
minutes at 110° C., the composition being 100 parts of rubber, 1 part of 
zinc oxide, 2 parts of sulfur, 1 part of zinc diethyldithiocarbamate, 5 parts 
of triethylamine, 2 parts of the antioxidant Nonox. The tensile strength 
of this vulcanizate was 120 kg./cm.*, the elongation at break being 705%. 
Its swelling in hexane amounted to 150%. After vulcanization, a rubber of 
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TABLE VIII 

Chemical Stability of Various Chlorination Products • 


Polymer 

Chlorinated rubber 
With SO 2 GU 4* peroxide 


With SO 2 CJ 2 4- amine. 

With SO 2 CI 2 *4- amine. 

With CI 2 gas. 

Rubber hydrochloride. 

Chlorinated rubber hydrochloride 


% Clin 

% reactive Cl 
Aniline HsO 

product 

teet 

teet 

47.0 

4 

0.8 

38.0 

5 

1.2 

27.0 

10 

0.3 

44.0 

71 

2.5 

29.5 

90 

7.3 

50.5 

58 

1.6 

30.0 

100 

27 

53.0 

6 

0.2 


this kind with 27.0% of chlorine exhibited 181 kg./cm.^ tensile strength^ 
365% elongation at break, and 45% swelling in hexane. Hence, chlorin¬ 
ated rubber vulcanizates of at least 27% chlorine content may be said to 
belong to the category of nonswelling rubbers. The recovery after elonga¬ 
tion of these rubbers, however, is very slow and they are difficult to vul¬ 
canize. Their insufficient stability is an obstacle to their vulcanization 
at temperatures in the neighborhood of 145°C. 

Products of higher chlorine content come into the thermoplastic class 
of materials. A product containing 38.0% chlorine and compounded in 
the proportion of 100 parts of chlorinated rubber to three parts of mag¬ 
nesium oxide was pressed at 110°C. to a small sheet having 480 kg./cm.* 
tensile strength, 850 kg./cm.^ flexural strength, and 29 cm. kg./cm.* 
impact resistance. 

One drawback to chlorinated rubber of a chlorine content below 50% 
for use as a plastic is the comparatively low softening point, which is at 
about 90°C. Chlorinated rubber hydrochloride with 42 to 52% chlorine 
is known to possess good film-forming properties. 

The authors wish to express their thanks to W. H. Manger and J. V. van Ulden for 
their valuable assistance, to Dr. G. Salomon for his interest and suggestions, and to the 
Rubber Foundation for permission to puldish the results of the investigation. 
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Resume 

Deux m6thodes sent discut6es pour Tobtention de caoutchoucs chlor68 relativement 
stables, dont la teneur en chlore est comparable k celle du n6opr^ne et du chloi ure de poly- 
vinyle. Une de ces methodes est bas^e siir la chloruration, par addition, du caoutchouc 
k Taide du chlorure de sulfuryle. Des experiences avec du guttapercha, utilise comme 
substance-modeie pour le caoutchouc nature], demontrent que la presence de substances 
organiques azotees, telles que des amines, induisent une chloruration par substitution. 
D’autre part, les peroxydes donnent des reactions en chalnes, qui amenent finalement 
^ la formation d*un produit d’addition. Certains anti-oxydants, tels la di-<-amyl- 
hydroquinoiie ou le /9-naphthol, agissent comme inhibiteurs de chalnes efficaces. De 
nombreux hydroperoxydes, tels Thydroperoxyde de la tetraline et Thydroperoxyde 
l-butyle, sont des catalyseurs utiles pour la chloruration par addition du caoutchouc 
naturel au rnoyen de chlorure de sulfuryle. Ces catalyseurs I’emportent apparemment 
sur les contaminations naturelles du caoutchouc naturel, qui favorisent Ja substitution. 
Les derives du caoutchouc, qui contieniient jusqu’a 47% de chlore, surtout par addition, 
ont ete produits au depart de caoutchouc ordinaire non-purifie. L’autre methode d’- 
obtention de caoutchoucs chlores consiste dans la chloruration du chlorhydrate de caout¬ 
chouc. Cette chloruration est acceieree par exposition a la lurnierc, speciallcment Si la 
iuniiere ultra-violette. On a obtenu ainsi des produits contenent jusqu’fi 70% de chlore. 
L’analyse cinetique montre que le chlorhydrate du caoutchouc chlore, contenant ap- 
proxirnativernent 50% de chlore, poss^de probablemenl une structure peu differente des 
produits d’addition du chlore au caoutchouc au moyen de chlorure de sulfuryle. Les 
proprietes mecaniques des divers produits ont ete di cutees brievement. I..es dichlorUres 
de caoutchouc non-sature, contenant environ 25% de chlore sont caoutchouteux, et se 
pretent k la vulcanisation en dormant des produits, gonflant faiblernent dans les hydro- 
carbures. Les dichlorures contenant environ 50% de chlore sont thermoplastiques. 

Zusammenfassung 

Zwei Methoden zur Herstellung von verhaltnismlissig haltbarem ohlorierten Kaut- 
schuk mit einern Chlorgehalt, der mit dem von Neopren und Poly vinylchlorid verglichen 
werden kann, werden diskutiert. Einer dieser Methoden liegt die Chlorieruiig (Addi¬ 
tion) von Kautschuk mit Hilfe von Sulfurylchlorid zu Grunde. Experimente mit 
gereinigtein Gutta-percha, das als Modelsubstanz fiir natiirlichen Kautschuk dient, zeigte 
dass die Gegenwart von stickstolThaltigen organischen Substanzen wie Amine eine sub- 
stituierende Chlorierung hervorruft. Peroxyde dagegen bewirken eine Kettenreak- 
tion, welche letzten Endes zu einem Additionsprodukt fiihrt. Einige Antioxydations- 
mittel wie di-<-Amylhydrochinon oder /S-Naphtol wirken als wirksame Ketteninhibi- 
toren. Mehrere Hydroperoxyde, z.B. Tetralinhydroperoxyd und LButylhydroper- 
oxyd, sind niitzliche Katalisatoren fiir die additive Chlorierung von natiirlichera Kaut¬ 
schuk mit SO 2 CI 2 . Diese Katalisatoren haben offenbar die Oberhand iiber die natur- 
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liohen Verunreiiugungen von natUrlichem Kautachuk, welche die Substitution begiinsti- 
gen. Kautschukderivate, die bis 47% Ghbr, meist additiv, enthalten, wurden aua 
gewdhnlichem, ungereinigten Kautschuk hergestellt. Die andere Herstellungsmethode 
fiir chlorierten Kautschuk besteht in der Chlorierung von Kautschukhydrochlorid. 
Diese Chlorierung wird durch Einfluss von Licht, besonders von ultraviolettem Licht, 
beschleunigt. Produkte mit bis zu 70% Chlorgehalt wurden erhalten. Begriindet auf 
der kineti^chen Ghloranalyse wird angenommen, dass chloriertes Kautschukhydrochlorid 
mit ungefahr 50% Chlorgehalt wahrscheinlich eine Struktur besitzt, die nicht sehr 
verschieden von der Struktur von Produkten der Ghloraddition an Kautschuk mittels 
S02G12 ist. Die mechanischen Eigenschaften verschiedener Produkte werden kurz 
diskutiert. Uugesattigte Kautschukdichloride mit ungefahr 25% Chlorgehalt sind 
kautschukartig und eignen sich zur Vulkanisation^ wobei sie Produkte mit wenig Quell- 
ungstendenz in KohlenwasserstolFen geben. Kautschukdichloride mit ungefahr 50% 
Chlorgehalt sind thermoplastisch. 

Received August 24,1949 
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Potassium Ferricyanide-Diazolhio Ether-Mercaptan 
Recipe for Emulsion Polymerization of Butadiene and 
Styrene. III. Determination of jp-Methoxyphenyl 
Diazothio-(2-naphthyl)-ether* 

I. M. KOLTHOFF, W. J. DALE, and 1. K. MILLER, School of Chemistry, 
University of Minnesota, Minneapolis, Minnesota 


Suitable diazothio ether recipes have been given for polymerizations at 
40® and at ice temperatures,^ and the effect of several chemical variables in 
the recipe has been reported.^ In the present paper, a method is described 
for the determination of MDN in solution and in latex. Originally, it was 
planned to use this method for the determination of the rate of disappear¬ 
ance of />-methoxyphenyl diazothio-(2-naphthyl)-ether (MDN) during the 
polymerization. However, since further work on the recipe was discon¬ 
tinued, we did not apply the method to a study of dissipation of MDN dur¬ 
ing the polymerization. 


OUTLINE OF THE METHODS 


The methods for the quantitative determination of MDN are based on 
the following series of reactions: 


CH. 


^ N^N—s/V^ + HjO 






* This investigation was carried out under the sponsorship of the Office of Rubber 
Reserve, Reconstruction Finance Corporation, in connection with the U. S. Government 
Synthetic Rubber Research Program. 
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The hydrolysis of I to give II and III is facile and reversible, and since 
thio-beta-naphthol is a relatively strong acid, the equilibrium is displaced 
toward the right by addition of base. Thus, MDN reacts with silver ni¬ 
trate just as do mercaptans; it can be titrated in ammoniacal solution by 
the amperometric method, using a platinum microwire electrode.* If a 
mercaptan is also present, the titration gives the sum of amounts of MDN 
and mercaptan. The colorimetric method (see below) then gives the 
amount of MDN and, by difference, the quantity of mercaptan present can 
be calculated. 

In the colorimetric method, the diazonium fragment II is irreversibly 
coupled with beta-naphthol in basic solution to give the dye IV. The 
amount of MDN present is then determined with the aid of a spectrophotom¬ 
eter at the isobestic point, 469 m/i. An empirical factor corrects for the 
MDN decomposed during the dye formation. The precision of the colori¬ 
metric method is about 1% in benzene and only about 2% in latex. 

TITRATION OF MDN WITH SILVER NITRATE 

Discussion* MDN is unstable to heat and light and readily decom¬ 
poses in polar solvents such as alcohols. When solutions of MDN in ethanol 
were titrated amperometrically with silver nitrate, it was found that the 
titer decreased with time of standing. It was concluded that the thio-beta- 
naphthol formed by solvolysis in protic solvents is further oxidized by 
oxygen from the air to dinaphthyl disulfide, the oxidation being faster in 
ammoniacal solutions than in neutral solutions. In the absence of air, this 
decrease in titer was greatly reduced. 

The above conclusion was substantiated by titration of alcoholic solu¬ 
tions of thio-beta-naphthol, aqueous ammonium hydroxide being added 
just before the end point. The neutral alcoholic solutions of thio-beta- 
naphthol showed a significant decrease in titer when titrated at 15 minute 
intervals. 

The presence of ferrous iron in the ammoniacal solution retarded the 
oxidation, but more satisfactory results were obtained using a back-titra¬ 
tion procedure. A sample of thio-beta-naphthol was added to ethanol con¬ 
taining an excess of silver nitrate, and the excess silver was titrated in am¬ 
moniacal medium with a standard solution of n-dodecyl mercaptan. After 
addition of the excess silver, the rate of air oxidation of the thio-beta- 
naphthol became very small. 

Since thio-beta-naphthol is a hydrolysis product of MDN, it was to be 
expected that MDN can be titrated in the same way. This was confirmed 
experimentally. 

Procedure. The following solutions were used: 

Silver nitrate in water. (0.841 g./liter). In this concentration, 1 ml. is 
. equivalent to 1 mg. n-dodecyl mercaptan. 

n-Dodecyl mercaptan in ethanol. The solution used contained 0.746 
g./liter. 



RECIPE FOR EMULSION POLYMERIZATION 


669 


MDN in benzene. A 1-1.5 g. sample was contained in one liter of ben¬ 
zene solution; freshly prepared solutions were used. 

5 ml. MDN solution was added to 100 ml. ethanol containing 10 ml. 
standard silver nitrate solution. To this, 2 ml. concentrated ammonia was 
added and the solution was titrated with standard mercaptan solution. 
The weight of MDN present was then calculated from the silver nitrate 
used. The following data, obtained with a sample of MDN several weeks 
old, show the precision of the method: 


MDN added, 
g./liter 

MDN found, 
g./liter 

Reoovery, 

% 

1.461 

1.431 

98.0 


1.425 

97.6 

1.461 

1.431 

98.0 


1 427 

97.7 


Although MDN decomposes slowly even in benzene solution, a very care¬ 
fully purified sample of MDN analyzed 99.6% pure when titrated by this 
procedure. 



Fig. 1. Extinction of dye, IV, in ethanol-butanol (1:1). A, 
neutral; B, 0.05 N H 2 SO 4 ; C, 0.01 N NaOH. 




670 


L M. KOLTHOFF. W. J. DALE, L K. MILLER 


COLORIMETRIC DETERMINATION 

DiBcussion. A pure sample of the dye IV, l-(p-methoxyphenylazo)-2- 
naphthoi, was prepared and its absorption spectrum was measured in 
ethanol-butanol solutions, using a Beckman spectrophotometer. As 
Figure 1 shows, the extinction of the dye is the same in acid and neutral 
solutions up to 480 m/x; it is unaffected by long standing in solutions of 
various pH. The extinction is also unchanged by presence of soap (which 
is present in latex), but water was found to affect the absorption at all wave 
lengths except at 469 mju. The graphic deterihination of the isobestic 
point is illustrated in Figure 2. 



Fig. 2. Effect of water on extinc¬ 
tion of dye, IV, near isobestic 
point. A, 25% HaO; B, 6% 11|0; 
C,2%HaO; D, 0% HjO. 


The specific extinction was determined at the isobestic point with 
ethanol-butanoi mixtures as solvent. The solution contained 2% water 
and was 0.05 N in acetic acid. The slit width was 0.2 mm. (The ratio of 
ethanol to butanol does not affect the extinction; such a mixture results 
from the coagulation of latex in butanol and dilution of subsequent filtrates 
with ethanol to volume.) Beer’s law was found to hold at 469 m/x; the 
specific extinction was found to be 51.0 ^ 0.1. 

Although dye formation is carried out in diffuse light, not all of the 
MDN is converted to the stable dye due to the occurrence of side reac¬ 
tions. The following procedure gave consistently 91% (=*= 1%) formation 
of the theoretical amount of dye, and this figure is used as an empirical 
factor in the calculation. The extinction divided by the extinction co¬ 
efficient gives the weight of dye per liter. 

MDN and its thermal decomposition products absorb only in the ultra¬ 
violet and hence do not interfere in the determination. 

Procedures. The following reagents were used: 

Ethanol 

Butanol 
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Glacial acetic acid 

Solution of beta-naphthol in butanol; a 
fresh solution containing 4.5 g. in 
50 ml. 

Solution of 1 N sodium hydroxide 

Solution of sodium sulfite in water con¬ 
taining 1 g. in 100 ml. 

Solution of zinc chloride containing 1 g. in 
100 ml. and enough hydrochloric 
acid was added to clear the solution. 

DETERMINATION OF MDN DISSOLVED IN BENZENE 

A solution of MDN in thiophene-free benzene, containing about 0.15 g. 
in 250 ml., was prepared. To a mixture of 100 ml. butanol, 5 ml. water, 5 
ml. sodium hydroxide, and 2 rnl. beta-naphthol solution, was added a 
known volume (5-10 ml.) MDN solution. The mixture was stirred for one 
minute and allowed to stand for two hours in diffuse light. A blank was 
run at the same time. At the end of the two hour period, 3 ml. glacial 
acetic acid was added, together with 40 ml. ethanol. The acidified solution 
was diluti‘d to volume with ethanol and the extinction was measured 
against the blank at the isobestic point, 469 m^u. The calculation is il¬ 
lustrated in Table I. 


TABLE I 

Colorimetric Analysis of Benzene Solutions of MDN 
(Extinction Coefficient = 51.0) 


Analysis A A B B C C 

Extinction. . . . 0.610 0.608 0 609 0 603 0.128 0.132 

Dye, g./Iiter. 0 0120 0.0119 0 0119 0 0118 0 00251 0.00259 

Volume, liters. 0 5 0 5 0.25 0 25 0 25 0.25 

MDN found, g. 0.00695 0.00690 0 00345 0 00342 0.000727 0 000752 

MDN taken, g. 0.00692 0.00692 0 00346 0.00346 0.000692 0 000692 

Error, %. +0.4 -0 3 -0 3 -1.2 +5 3“ +8 5“ 


“ Actually, at this low extinction, the precision of the reading is only 4% instead of 
1% at extinctions between 0.4”0.9. 


DETERMINATION OF MDN IN LATEX NOT CONTAINING 
OXIDATIVE ACTIVATOR OR HYDROXY AROMATICS 
(SHORT-STOPS) 

A 5-10 g. sample of latex was introduced dropwise into a vigorously 
stirred solution of 5 ml. water in 100 ml. butanol. The fine coagulum was 
stirred for 2 minutes, when 3 ml. beta-naphthol solution w^as added, fol¬ 
lowed by 5 ml. hydroxide solution. Stirring was continued for 2 minutes. 
The mixture was allowed to stand for 2 hours, and, after acidification as 
above, the rubber was removed by filtration through a cotton plug into a 
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volumetric flask. The filtrate was diluted to volume with ethanol and the 
extinction was measured at the isobestic point. 

A known amount of a benzene solution of MDN was added to a known 
weight of latex of 80% conversion. (No activator was present; the latex 
was prepared with peroxide-containing soap.) The mixture was shaken 
vigorously and analyzed for MDN according to the above procedure. 
About 94% of the MDN was consistently found back in a set of five ex¬ 
periments involving different amounts of MDN. Since the MDN was de¬ 
composed in part on shaking with the latex and since coprecipitation with 
the coagulum is probable, the figure of 93-94% is considered satisfactory 
for practical purposes. 

When ferricyanide is present, the procedure is similar to the above, ex¬ 
cept that the ferricyanide is reduced by sulfite, and the ferrocyanide is 
precipitated as the zinc salt. After coagulation of the latex, 5 ml. sodium 
sulfite solution is added, and 1 ml. zinc chloride. After 2-3 minutes, the 
beta-naphthol and base are added and the mixtures arc treated as above, 
except filtration of the dye-rubber mixtures is accomplished with filter 
paper to remove the flocculent zinc salt. Analyses of MDN in benzene 
solutions with ferricyanide added to the ethanol accounted for 100% of the 
added amount of MDN. In latex only about 94% of the MDN was found. 
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Resum6 

Les m^thodes de determination de Tether p-m6thoxyphenyl-diazothio-(2-naphtyl-) 
(MDN) en solution benz^nique oii dans un latex sont d6crites par titrage amp4rom6t- 
rique an nitrate d’argent, ou an moyen d’un spectrophotom^tre apr^s transformation 
en un colorant stable. 


Zusammenfassung 

Es werden Methoden angegeben zur Bestimraung von p-Methoxyphenyl-diazothio- 
(2-naphtyl)-Ather (MDN) in Benzolldsung und in Latex durch amperemetrische Titra¬ 
tion mit Silbemitrat oder rait Hilfe eines Spektrophotometers nach Umwandlung in 
einen haltbaren Farbstoff. 
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INTRODUCTION 

In the search for new methods of polymerization, a process has been de¬ 
veloped by W. Heuer^ to the extent that it was patentable. In this process 
various monomers 8U(‘b as vinyl chloride, vinyl methyl ether, ethylene 
oxide, or butadiene “were bubbled in the form of a gas in a fine state of sub¬ 
division through a liquid essentially incapable of dissolving the monomer, 
with a polymerization catalyst being contained in the liquid.” It was 
claimed that a polymer of good characteristics was obtained. In spite of 
the claims made for the process and its products, no case of its industrial 
use is known. 

Because tliis process represents a novel way of preparing polymeric ma¬ 
terials and no quantitative data have been published relative to the exact 
nature of the polymer formed, the yields to be expected, or the effects of 
the variables such as monomer rate, catalyst concentration, temperature, 
and pressure on the yield or nature of the resulting polymer, it appeared to 
be of definite interest to investigate the process both from an academic point 
of view and to answer the questions which arose as to its possible commer¬ 
cial applications. From the nature of the process it was evident that it 
would lend itself readily to continuous operation with a minimum of com¬ 
plicating factors which would offer a distinct ec'onomic advantage over a 
batch process. 

HISTORICAL 

The bulk of the limited information pertaining to this type of process 
has appeared in the patent literature. 

I. G. Farbenindustrie obtained patents in the United States,^ Holland,® 
and France® in which this process was described. The author of the Ameri¬ 
can patent claimed that an extraordinarily stable emulsion of polyvinyl 
chloride was obtained, which when coagulated, washed, and dried, showed 
good solubility properties and had the properties of a relatively highly 
polymerized polyvinyl chloride. 

In spite of the fact that I. G. held the patents on th^ process, recent re¬ 
ports on the production of plastics in Germany^ make no mention of its use 

* Present address: Missouri School of Mines and Metallurgy, Rolla, Missouri. 

t Present address: Mathieson Chemical Corporation, Baltimpre, Md. 

673 



674 


J. B. OHARA AND C. F. PRUTTON 


for the production of polyvinyl chloride. A recent review on polymeriza¬ 
tion also completely ignores the existence of this method for the prepara¬ 
tion of polymers.^ 

A recent patent^ describes a process which has a great deal in common 
with the aforementioned method except that it covers the polymerization 
of ethylene and operates at elevated temperatures and pressures. 


DESCRIPTION OF APPARATUS 

The polymerization reaction took place in a jacketed glass tube 62 inches 
in length and 40 mm. in diameter, equipped with a stopcock at the bottom 



(Fig. 1). The heating jacket was a glass tube concentric with the reaction 
tube and was 57V2 inches long and 65 mm. in diameter. These two con¬ 
centric tubes were fastened at top and bottom by means of ring seals. 

The source of heat to the reaction tube consisted of condensing vapors, 
the vapors being generated in a three-necked one-liter flask which was con¬ 
nected to the heating jacket by means of two side-arms located in the lower 
poHion of the heating jacket. The upper side-arm served as a vapor line 
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and the lower one served as a condensate return line. The condensate 
return line terminated at a point below the surface of the liquid in the re¬ 
boiler flask, providing a liquid seal which prevented any vapor from rising 
through this line. The connections from the reboiler flask to the side-arms 
were made by means of ground-glass joints, both standard taper and ball 



and socket joints being used for this purpose, the ball and socket joints 
being inserted in the lines to provide flexibility and ease in assembling and 
disassembling. 

A third side-arm was located 1 Vs inches from the top ring seal in the heat¬ 
ing jacket. A water-cooled condenser was placed in a ground glass joint 
at the top of this side-arm, serving as a reflux condenser for the heating 
medium. 

The auxiliary equipment is shown schematically in Figure 2 and pictor- 
ially in Figure 3. The vinyl chloride was contained in a stainless steel 
cylinder which was connected to a V 4 inch stainless steel line. All valves 
were V 4 inch stainless steel needle valves. A vent line was placed between 
valve Vs and the reaction tube, the line being vented to a system at a vac¬ 
uum of approximately 5.5 inches of water. 

The connection from the stainless steel pipe to a glass line terminating in 
a sintered glass difluser at the base of the reaction tube was made by means 
of a ball and socket joint. The details of the connection are shown in 
Figure 1. The male portion of the joint was slipped over the pipe and then 
a piece of pressure tubing forced over it, with the ends of the pressure tub¬ 
ing being sealed to the glass and pipe by means of Saureisen cement. 

The female portion of the ball and socket joint wds sealed to a line of 8 
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mm. glass tubing 66 inches long, at the end of which was a sintered glass 
diffuse, extra coarse grade. The diffuser served to break the gas into fine 
bubbles as it entered the reaction zone. Th^ line containing the diffuser 
was placed directly in the reaction tube and terminated at a point 2 inches 
above the drainage stopcock at the bottom. 

A surge flask, made by sealing a 16 mm tube 7 Vj inches long to the bot¬ 
tom of a three-liter round-bottom flask, was placed in the rubber stopper 



Fig. 3. Picture of apparatus. 


used to seal the reaction flask. This was used so that if foaming occurred, 
the foam would rise in the surge flask. By this means the full capacity 
of the reaction tube could be used, rather than allowing space for foaming 
action in the reaction tube itself. In addition to the gas outlet line and a 
line to the reaction-pressure manometer, a 250 ml. separatory funnel was 
inserted in the top of the surge flask so that catalyst solution could be 
added while the monomer was flowing without leakage. 

PROCEDURE 

The Flowrator was calibrated by means of a wet test meter maintaining 
the gas pressure at 10 p.8.i.g. 

In each run the catalyst solution consisted of 1850 grams of doubly dis- 
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tilled water plus sufficient potassium persulfate to yield a solution of the 
desired concentration. 

In making a run, 1400 grams of water were charged to the reaction tube. 
The heat was then turned on the reboiler which contained a heat transfer 
medium possessing the desired boiling point. The required amount of 
potassium persulfate (CP grade) was then weighed into a one-liter flask. 
To this was added 350 grams of the doubly distilled water, the flask stop¬ 
pered and shaken to dissolve the catalyst. A third quantity of water, 
100 grams, was weighed into another flask. The three portions of water 
totaled the desired 1850 grams. 

When the heat transfer rnejliurn was condensing in the reflux condenser, 
the flow of vinyl chloride was started. The impurities present in the vinyl 
chloride were reported by Glenn L. Martin Co., the supplier, to be: alde¬ 
hydes, nil; HCl, 0.01%; C 2 H 2 , 0.001%; II 2 O, 0.5%; and nonvolatiles, 
0.01%. The cylinder containing 60 pounds of vinyl chloride also con¬ 
tained 35 grams of phenol as an inhibitor. The phenol was assumed to 
remain in the cylinder when Ihe flfish vaporization of vinyl chloride from 
the cylinder took place. 

When the rate of flow of vinyl chloride had been regulated to the desired 
value, the solution of potassium persulfate, which had been heated to ap¬ 
proximately the reaction temperature, was added to the reaction tube 
through the separatory funnel. After adding the catalyst solution, the 
additional 100 grams of water, which had also been heated to approximately 
the reaction temperature, w^as used in two 50 cc. portions to wash out the 
flask used in preparation of the catalyst solution to be sure that all of the 
catalyst found its w ay into the reaction tube. 

At periodic intervals samples were withdrawn from the reaction tube 
by draining some of the reaction mass through the stopcock located at the 
bottom of the reaction tube. To take a sample a 5-10 cc. portion of the 
material was first drained to ensure that a stagnant portion of the reaction 
mass was not obtained and then a 10-15 cc. sample was removed in a glass- 
stoppered sample bottle. This sample was then analyzed according to the 
procedure described in the following section 

In the run at elevated pressure the procedure was the same as just de¬ 
scribed except that the pressure above the reaction mass was maintained 
at 5 inches of Hg gage by manipulation of valve Vs and the catalyst solution 
had to be forced in with air pressure. 

The heat transfer mediums and their boiling points as read by T 2 are 
given in Table I. 

TABLE I 

Heat Transfer Mediums Used and Their Boiling Points 


Boiling point. 

Heat transfer medium 

Methylene chloride. 40.0 

Tertiary butyl chloride. 46.0 

Carbon disulfide. 50.5 

Acetone.56.0 

Methyl alcohol. 65.0 
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METHOD OF ANALYSIS 

To determine the rate of reaction and the nature of the polymer formed, 
the percent solids of the samples and the specific viscosities of 0.4% solu¬ 
tions of polymer in nitrobenzene at 35 =*= 0.02 ®C. were determined. 

To determine the per cent solids, samples of the latex were dried in a 
natural circulation drying oven equipped with a thermoregulator which 
maintained the temperature at 39-41 ®C. This low temperature for drying 
was found necessary due to discoloration of the polymer at higher tempera¬ 
tures. Each sample was allowed to dry atdeast four days. All weighings 
were made on an analytical balame. 



TIME — HOURS 

Fig. 4. Variation of per cent isolids with time. T = 56°C. Catalyst concentra¬ 
tion «* 1.5%. Monomer rate «“ 75 cc./min. Atmospheric pressure. 


In order to determine the amount of equilibrium moisture content when 
drying under these conditions, 125 ml. of moisture-saturated benzene were 
added to 25 grams of the dried polymer and the amount of water present 
determined by means of a trap as described by D’Alelio.^ It was found 
that the equilibrium moisture content was 1.2%. 

To determine specific viscosities, a 0.4% solution of washed, dried poly¬ 
mer was prepared, and allowed to stand overnight to ensure complete solu¬ 
tion. The viscosities were run at 35.0 =*= 0.02 °C. using an Ostwald-Fenske 
type viscometer, the efflux time being of the order of 75-85 seconds. 
Check readings of 0.2 second were obtained in each case. 

DATA AND RESULTS 

Exploratory investigations of the process indicated that a reasonable 
rate of polymerization could be obtained when vinyl chloride was bubbled 
through an aqueous solution of potassium persulfate at 50-60®C. and that 
the process would lend itself readily to an investigation of the eifects of 
the variables temperature, monomer rate, catalyst concentration, and pres¬ 
sure on rate of polymerization and nature of the polymer formed. 

To determine the manner in which the rate of polymerization varied 
with time, a run was made using V/ 2 % potassium persulfate solution at 
56®C., monomer rate of 75 cc./min., and atmospheric pressure. The varia- 
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tion of per cent solids of the catalyst solution with time is presented in 
Figure 4. In this and all subsequent data, the rate of monomer flow is ex¬ 
pressed in cubic centimeters per minute at standard conditions of 0®C. 
and 760 mm. Hg. From the results of this run it was found that the 
amount of polymer formed varied linearly with time over a considerable 
time interval. On the basis of this information it was decided to make the 
siKM^eeding runs of approximately twelve hours duration. 



Fig. 5. Variation of per cent solids 
with time with monomer rate (in 
ec./min.) as the parameter. T = 
56°C. Catalyst concentration = 2%. 
Atmospheric pressure. 



Fig. 7. Per cent conversion of vinyl 
chloride as a function of monomer 
rate. T « 56^C. Catalyst concentra¬ 
tion a= 2%. Atmospheric pressure. 



Fig. 6. Rate of polymerization as 
a function of monomer rate. T ■■ 
56°C. Catalyst concentration i* 
2%. Atmospheric pressure. 



PESSULFATE CONCENTRATlON-% 

Fig. 8. Rate of polymeriza¬ 
tion as a function of catalyst 
concentration. T = 56°C. 
Monomer rate = 75 cc./min. 
Atmospheric pressure. 


To study the effect of monomer rate on the rate of polymerization the 
catalyst concentration, temperature, and pressure were maintained con¬ 
stant while the monomer addition was varied. The results of varying the 
monomer rate fourfold are shown graphically in Figures 5 and 6. From 
the slope of the lines in Figure 5, ds/dd was evaluate^ for each run, where 
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s is the per cent solids and 6 is the time in hours. These values of ds/dB 
are shown in Figure 6. The effect of monomer rate (R) on the per cent 
conversion is given in Figure 7, in which the per cent conversion was cal¬ 
culated as: 


jds/dd) actual 
{ds/de)^ax. 


X 100 



PERSULFATE C ONCENTRATION-% 

Fig. 9. Specific viscosity as a 
function of catalyst concentration. 
Reaction T *« 56®C. Monomer rate 
■■ 75 cc./min. Atmospheric pres¬ 
sure. 



40 45 50 55 60 65 


TEMPERATURE- *0. 

Fig. 10. Rate of polymerization 
as a function of temperature. 
Catalyst concentration «■ 2%. 

Monomer rate « 75 cc./min. 

Atmospheric pressure. 




TEMPERATURE-*0. 

Fig. 11. Specific viscosity as a 
function of reaction tempera¬ 
ture. Catalyst concentration » 
2%. Monomer rate » 75 cc. 
per min. Atmospheric pressure. 


TIME — HOURS 

Fig. 12. Effect of pressure on reaction. 
T » .56®C. Catalyst concentration “1%. 
Monomer rate « 75 cc./min. 


Eind (ds/d9)„ax. was calculated from the rate of monomer addition based 
on the fact that if all of the monomer added polymerized, a maximum value 
of ds/d0 would be obtained. 

Similarly, the effects of temperature (T), catalyst concentration (c) 
and pressure (P) were investigated by keeping all variables with the excep¬ 
tion of the one being studied constant. In all cases the graphs of per cent 
solids vs. time consisted of two intersecting straight lines, with the point 
oi, intersection corresponding to the termination of the induction period. 
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The results are shown graphically in Figures 8-12. The investigation of 
the effect of pressure on the reaction was limited by the fact that the equip¬ 
ment was constructed of glass so that the investigation over a wide pres¬ 
sure range was not practical. 


TABLE II 

Summary of Effect of Reaction Variables on Specific Viscosities 
OF 0.4% Solutions of Polymer in Nitrobenzene at 35.0 =»= 0.02®C., 
Rates of Reaction and per Cent Conversion of Vinyl Chloride 


Catalyst 

oonen., 

% 

Temp., 

®C. 

Monomer 

rate, 

std. cc./min. 

Reaction 
pressure, 
in. Hg gage 

Specific 

viscosity 

Rate of 
reaction 

d»/de 

Per cent 
oonvernon 
of vinyl 
chloride 

0 25 

56 

75 

0 

0.05 

0 09 

14.1 

1.0 

56 

75 

0 

0.05 

0.29 

45.3 

1 5 

56 

75 

0 

0.05 

0.45 

70.4 

2 0 

56 

75 

0 

0.05 

0.58 

90 6 

3.0 

56 

75 

0 

0.04 

0.62 

96 9 

4 0 

56 

75 

0 

0.04 

0.62 

96.9 

2 0 

40 

75 

0 

0.08 

0.016 

2.5 

2.0 

46 

75 

0 

0.07 

0.12 

18.8 

2 0 

50 5 

75 

0 

0.06 

0.25 

39.1 

2 0 

56 

75 

0 

0.05 

0.58 

90 6 

2 0 

65 

75 

0 

0.04 

0.62 

96.8 

2 0 

56 

37.5 

0 

0.05 

0.31 

97.0 

2 0 

56 

75 

0 

0.05 

0.58 

90.5 

2 0 

56 

100 

0 

0.05 

0.62 

73.0 

2 0 

56 

150 

0 

0.05 

0.69 

53.8 

1.0 

56 

75 

0 

0 05 

0.29 

45.3 

1.0 

56 

75 

5 

0.05 

0.39 

60 9 


A summary of the effects of the variables on rate of reaction, conversion 
of vinyl chloride to polymer, and specific viscosity of the polymer is pre¬ 
sented in Table 11. 


DISCUSSION 

Greneral 

The inhibition period, if any, was short. In general, five to fifteen 
minutes after the start of a run the catalyst solution began to become tur¬ 
bid. With 2% persulfate solution the turbidity had increased within a 
half hour to the point where the solution had the appearance of milk. 
The time required to reach this point depended primarily on the catalyst 
concentration and temperature, decreasing with increasing values of these 
variables. 

No mechanical agitation was required, for as the gas rose rapidly in the 
tube in the form of small bubbles it provided an efficient means of agitation. 

To check the homogeneity of the emulsion and the accuracy of the 
method of sampling the following proc(idure was used. At the end of the 
run a sample was withdrawn in the usual manner from the stopcock at the 
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bottom of the reaction tube. The tube was immediately drained and a 
second sample withdrawn when approximately half of the emulsion had 
been removed. The samples were then analyzed for the solids content. 
In two of the three cases where this procedure was used the checks were 
exact, while in the third the difference amounted to 0.01%. This indicates 
that the samples withdrawn in the manner previously described were repre¬ 
sentative of the latex. 

An interesting sidelight is the stability of the emulsions obtained. An 
emulsion prepared in this way using a 2% persulfate solution as the cata¬ 
lyst has maintained its stability for a full year. The pH values of these 
emulsions, in general, lie in the range 1.5-2.0. They have withstood 
freezing and heating without breaking down and are stable a considerable 
period of time after adding salt. 

A comparison of the specific viscosities of the polymers obtained in this 
study with commercial polyvinyl chlorides indicates that the molecular 
weights obtained are far below the values normally used for general plastic 
work such as molding and fiber formation. Marvinol (Glenn L. Martin 
Co.) and Geon (B. F. Goodrich Co.) showed specific viscosities of about 
0.55 while the polymer prepared by the method described here yielded 
specific viscosities of 0.04-0.08 under the same conditions. However, 
low molecular polyvinyl chlorides have been used for protective coatings*® 
and impregnating materials,* so the process is not without promise. 

Variation of Reaction Rate with Time 

Ah examination of Figure 4 provides some interesting information about 
the course of the reaction. The presence of an apparent inhibition period 
of 5-15 minutes duration at the start of the reaction has already been men¬ 
tioned. After the reaction begins, a period of constant rate of reaction 
occurs which, in the case represented by Figure 4, lasted for about three 
hours. This may be called an induction period, for at the end of this time 
the rate of reaction increases, probably due to the fact that at that time 
the concentration of activating agents has reached a value such that it is 
capable of maintaining the higher rate of reaction. In this discussion theend 
of the induction period will be considered as the point of intersection of the 
two straight lines, one line representing the induction period and the other 
to be termed the “constant-rate” period, although it is recognized that 
the rate during the induction period is also constant within the limits of 
accuracy of the experimental methods used. At the end of approximately 
24 hours the rate of polymerization begins to drop off, probably due to a 
decrease in the concentration of the activating agents because of the amount 
of catalyst decomposed. 

Effect of Monomer Rate 

The effect of varying the rate of addition of monomer while maintaining 
the catalyst concentration, temperature, and pressure constant is shown in 
Fig;ures 5 and 6. For monomer rates of 75, 100, and 150 cc./min., it is 
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seen that the rate of reaction during the induction period is independent 
of the monomer rate, and also that the length of the induction period is the 
same in the three cases. However, the rates of reaction ds/dB are different 
during the constant-rate period, being greater for the higher flow rates. 
The apparent large discrepancy between tlie rate of reaction at the flow 
rate of 37.5 cc./min. and the rates at higher flows, plus the fact that no in¬ 
duction period was observed at 37.5 cc./min. may be explained after an ex¬ 
amination of Figure 6, in which the rates of reaction as obtained from the 
slopes of the lines in Figure 5 are plotted. In Figure 6 the broken line 
represents the maximum rate of reaction based on the flow of vinyl chloride. 
It is seen that at a monomer rate of 37.5 cc./min. essentially complete reac¬ 
tion is obtained. On the basis of this information the absence of an induc¬ 
tion period at a flow rate of 37.5 cc./min. may be explained as being due to 
the fa(^t that the concentration of activating agents is sufficient, even in the 
early stages of the reaction, to cause complete polymerization of the vinyl 
chloride. Also, from Figure 6, it is seen that below a certain rate of flow, 
which under the conditions of catalyst concentration, temperature, and 
pressure used here is approximately 67 cc./min., essentially complete reac¬ 
tion takes place. Above this critical flow rate the rate of reaction is a 
function of the monomer rate, the relation being essentially linear. The 
factor (X)ntrolling this critical flow rate is probably the rate at which the 
monomer can be aestivated in the reaction mass. 

The per cent conversion for the constant-rate period is shown in Figure 7. 
As has been noted, at a flow rate of 37.5 cc./rnin., the reaction is, to all 
intents and purposes, complete. The per cent conversion remains high 
(95-100%) as long as the monomer rate is below the value of 67 cc./min. 
As the monomer rate is further increased the conversion drops off very rap¬ 
idly, until at 150 cc./min. it is about 54%. Thus, while at high monomer 
rates the rate of polymer formation is high, the high rate of reac tion is ac- 
complislu^d only by sacrificing ec^onomy in the utilization of vii»yl chloride, 
with increased rate probably being due to increased agitation. 

No change in specific viscosity of the producit with monomer rate was 
observed (see Table II), so that it is concluded that the average chain 
length of the polymer formed is independent of the rate of monomer addi¬ 
tion. 


Effect of Catalyst Concentration 

An examination of Figure 8 shows that, as the catalyst concentration is 
increased—the other variables being held constant—the rate of reaction 
also increases up to a certain catalyst conc^entration and then levels off 
sharply. This critical catalyst concentration at a given temperature, pres¬ 
sure, and monomer rate represents the catalyst concentration which is 
capable of furnishing a sufficient number of active molecules to cause com¬ 
plete reaction of the added vinyl chloride. Below this critical concentra¬ 
tion, which in the case being considered is about 2.2%, the rate of reaction 
is proportional to the catalyst concentration. Further increase of catalyst 



m 3. B. O’HARA AND C. F. PRUTTON 

concentration serves no useful purpose; in fact, the specific viscosity of 
the polymer formed decreases with increasing catalyst concentration, as 
shown by Figure 9. 

From Figure 8 it is seen that the rate of reaction during the induction 
period is also a linear function of the catalyst concentration, the rate being 
about 80% of that during the constant-rate period. Also, the rate of reac¬ 
tion increases rapidly with increasing catalyst concentration, as does the 
conversion of monomer to polymer. On the other hand, specific viscosity 
of product changes only slightly with the catalyst concentration (Fig. 9), 
decreasing only 20% with a 16-fold increase in catalyst concentration. The 
conclusions to be drawn from this are that the conversion of vinyl chloride 
may be increased a great deal by increasing the catalyst concentration 
(up to the critical concentration) without appreciably affecting the average 
chain length of the polymer obtained, a fact which is probably due to the 
low concentration of the monomer. 

Effect of Temperature 

Figure 10 shows that as the reaction temperature is increased tlie rate 
of reaction increases exponentially up to a certain temperature (in this 
case 56 °C.) at which point the persulfate is decomposing at a rate such 
that the concentration of active agents is sufficient to cause essentially com¬ 
plete reaction. Increasing the temperature above this point will not in¬ 
crease the rate of reaction. To determine if the data were consistent, 
the log of the rate of reaction was plotted against the reciprocal of the abso¬ 
lute temperature (Arrhenius equation). The result was a satisfactory 
straight line between the points corresponding to 46®, 50.5® and 56 ®C, 
The discrepancies existing at 40® and 65® may be explained as follows. 
The rate of reaction at 40® is essentially zero. This is in agreement with 
published data on the rate of decomx)osition of potassium persulfate in 
aqueous media in which it was stated that no decomposition was noted 
below 41 ®C.^^ Thus we may say that at 40® it is a “dead” reaction and 
would not be expected to give results consistent with the other cases. At 
65 ®C. the case is quite different. Under these conditions complete con¬ 
version of vinyl chloride is being accomplished, since no gas was leaving 
the surface of the catalyst solution. The inference here is that under the 
reaction conditions more monomer would react if it were present, so this 
rate would not be expected to yield results comparable to those in which 
an excess of monomer were present. 

The specific viscosity of the polymer formed is seen from Figure 11 to 
decrease with increasing temperature, which is consistent with accepted 
theories on polymer formation. 

It ^ould be noted that a very narrow temperature range is indicated by 
the results. For the lower limit, about 40®C., the limiting factor is the 
stability of the catalyst. On the other hand, the use of excessively high 
temperatures is impractical due to the poor stability of the polymer formed 
as indicated by the fact that the polymer formed at 65® showed discolora¬ 
tion when dried at 40®. 



POLYMERIZATION OF VINYL CHLORIDE 


685 


Effect of Pressure 

As indicated previously, the pressure range investigated was limited by 
the fact that the reaction tube was made of glass. Since Heuer^ mentioned 
the use of pressure, it was decided to investigate the effect of running the 
reaction under a slight pressure to indicate a qualitative effect as to the 
trend of results to be expe(;ted with varying pressure. The results as 
sfiown in Figure 12 indi(’ate that with increasing pressure the rate of reac¬ 
tion increases. No elfecl on the specific viscosity was found, indicating 
the same average (Jiain length w as obtained at both pressures. 

Locus of the Reaction 

The bulk of the evideiu^e available points to a solution-type polymeriza¬ 
tion in wdiich the solution, although very dilute, is maintained saturated, or 
nearly so, by the absorption of vinyl chloride from the vapor phase. This 
is not in agreement with Ileuer, who described the system as a process for 
the polymerization in the gaseous state. 

The mechanism for the poKmerization, assuming it to be solution-type, 
would be that, as the dissolved monomer reacted, the vinyl chloride re¬ 
moved by the polynuTization would have to be replaced by absorption 
from the vapor phase. The variation of rate of reaction with monomer 
rate may then be ascribed to the fact that higher rates of flow of a gas past 
an absorbing medium results in thinner liquid films, which in turn increases 
the rate of absorption.Thus, the higher rates of monomer flow will 
cause the gas to be more readily absorbed by the aqueous catalyst solution 
and will rapidly replenish the monomer that reacts and is thereby removed 
from solution. At lower rates of flow the rate of absorption will be lower 
and the vinyl chloride may not be absorbed as rapidly as it reacts, resulting 
in a lower monomer concentration wdiich will in turn result in a low (t rate 
of polymerization. On the basis of this discussion we may differentiate 
between two cases; in the first of these the controlling factor is the rate of 
reaction and in the second the controlling factor is the rate of absorption. 

Another factor which indicates that the polymerization reaction takes 
place in solution is that an increase in pressure increases the rate of reac¬ 
tion. Since an increase in pressure also increases the concentration of the 
dissolved monomer (Henry’s law), the result should be an increase in the 
rate of reaction. This was observed and is in agreement with the mecha¬ 
nism proposed. 

Still another fact that supports this mechanism is that the catalyst is 
soluble in the water phase and no ready means of the catalyst passing into 
the vapor phase is apparent. The most probable manner in which the 
monomer in the vapor phase could be activated would consist of the orig¬ 
inal activation taking place in solution with the activated growing chain 
diffusing to the gas-liquid interface where it could come in contact with 
gaseous monomer. This explanation is not consistent with our present 
ideas on suspension polymerization^^ and lacks supporting evidence. 
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The vapor-liquid interface presents a possible seat of the reaction. Since 
some wetting action of the catalyst solution has been observed, it is not 
impossible that at least part of the reaction does take place there. How¬ 
ever one fact that indicates that the major part of the reaction doesn’t 
take place at the interface is the short chain length of the polymer. The 
highest concentration of monomer should exist at the interface, and under 
these conditions a much longer chain length would be expected than was 
actually observed. 

In view of the foregoing discussion it is the authors’ opinion that the 
most probable seat of the reaction is in solution, with some possibility of it 
occurring at the gas-liquid interface. It is apparent that more work is 
necessary to definitely establish the seat of the reaction. 

The authors wish to thank The Glenn L. Martin Co. for making this investigation pos¬ 
sible. 
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Resum6 

Un proc6de de polymerisation du chlorure de vinyle est ddcrit; au cours de celui-ci, 
le chlorure de vinyle gazeux est barbott6 b travers une solution de persulfate de potassium, 

* k une temperature relativement pen 6lev6e, et k pression atmosph6rique. La depend¬ 
ence de la quantite de polym^re form6 en fonction du temps est indiqu6e. L'infiuence 
des divers facteurs—vitesse de passage du monom^re, concentration en monomdre, tem¬ 
perature et pression—sur la vitesse de la reaction et la viscosity sp^cifique du polym^re 
forra6 a et6 envisag6e. Le lieu, ofi se passe la reaction est discute. 

Zusammenfassung 

Es wird eine Methode zur Polymerisation von Vinylchlorid boschrieben, in welcher 
gasformiges Vinylchlorid bei leicht erhohten Temperaturen und bei ira wesentlichen at- 
mospharischem Druck durch eine Kaliumpersulfatlosung geleitet wird. Die Art, in der 
sich die Menge des gebildeten Polymers im Verhaltnis zur Zeit andert, wird beschrieben. 
Der Einfluss der veranderlichen Grossen—Monomer-Geschwindigkeit, Konzentration 
des Katalysators, Teraperatur. und Druck—auf die Reaktionsgeschwindigkeit und die 
spezifische Viskositat des gebildeten Polymers wird gegeben. Der Reaktionsverlauf 
wird diskutiert. 
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Experiments on the Sonic, Thermal, and Enzymic 
Depolymerization of Desoxyribosenucleic Acid* 

GILBERT GOLDSTEIN and KURT G. STERN, Department of Chemistry^ 
Polytechnic Institute of Brooklyn, Brooklyn, New York 


Increasing attention lias been paid in recent years to the degree of poly 
incrization of nucleic acids, isolated by dilferent methods from a variety 
of natural sources, following Harnmarsten’s demonstration' of the macro- 
molecular nature of the tetrasfjdium salt of desoxyribosenucleic acid as 
prepared under mild conditions from calf thymus tissue. The high molec¬ 
ular weight (500,000 to 1,000,000) and the extreme degree of asymmetry 
(axial ratio, 170 to 400:1) of the individual particles find their expression 
in the low osmotic pressure, high anomalous viscosity, and marked stream¬ 
ing birefringence of dilute aqueous solutions of the material {cf, ref. 2). 
The polynucleotide chains composing the molecules may reach a length of as 
much as 5000 A. (c/*. ref. 3), corresponding to about one thousand tetra- 
nucleotide units in linear array. They are highly susceptible to depoly- 
rnerization by a variety of physical and chemical agents, e,g., x-rays,^ 
ultraviolet radiation,® and a specific enzyme in animal tissues, designated 
as desoxyribonuclease or depolymerase.®*^ 

The object of the present experiments was to study, in a comparative and 
quantitative manner, the effect of intense vibrations of sonic frequency, 
of different, elevated temperatures, and of purified desoxyribonuclease on 
high-polymer sodium desoxyribosenucleinate preparations of the same type. 
It was hoped that information on the mechanism of depolymerization by 
these agents would contribute to our knowledge of the forces holding these 
linear molecules together. 


EXPERIMENTAL 
Materials and Methods 

Preparation of Sodium Desoxyribosenucleinate 

The material used for the majority of the present experiments was pre¬ 
pared as follows. 

* The data presented in this paper are taken from a thesis to be submitted by Gilbert 
Goldstein to the Graduate Faculty of Polytechnic Institute of Brooklyn in partial 
fulfillment of the requirements for the degree of Ph.D. in Chemistry. A brief report 
on this work was presented before the Division of Biochemistry at the 114th meeting 
of the American Chemical Society, Washington, D.C., Sept. 2, 1948. The preparation 
of the material for publication was made possible by a grant from the National Cancer 
Institute, U. S. Public Health Service. 
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One pound of fresh calf thymus tissue, after freeing it from adhering fat 
and connective tissue, was subdivided into pieces of suitable size and then 
homogenized in the Waring Blendor in aliquots of a solution containing 
0.14 M NaCl and 0.002 M sodium arsenate, using a total volume of one 
liter. The pink, creamy suspension thus obtained was collected in a flask 
immersed in an ice bath and stirred mechanically for four hours at 0®C. 
The resultant, milky suspension was spun in 100 ml. Lusteroid tubes in a 
Servall superspeed angle centrifuge, using a magnesium alloy rotor of 800 
ml. capacity, for about 10 minutes at approximately 3 to 4000 r.p.m. The 
pink-colored, opalescent supernatant fluid was decanted from the tightly 
packed sediment and discarded. The sediment was resuspended in 500 
ml. of fresh NaCl-arsenate solution and stirred overnight in tlie refrigera¬ 
tor at 5®C. The suspension w as then centrifuged as described above, the 
supernatant was again discarded and the residue was extracted for the 
third time with 500 ml. 0.14 M NaCl solution omitting the arsenate. After 
mechanical stirring in the refrigerator for 30 minutes, the suspension was 
centrifuged as before, the supernatant decanted and discarded, and the 
residue was treated once rnoi'e with 500 ml. 0.14 M NaCl solution as just 
described. The extraction of the tissue with physiological saline served to 
remove as much as possible of cytoplasmic proteins. The residue, con¬ 
sisting chiefly of a gelatinous mass of nuclear material, designated as 
“resting chromosomes” by Mirsky and Ris,® was next suspended in 300 
ml. 1 M NaCl solution in order to dissolve the nuclear desoxyribosenucleo- 
protein. The viscous suspension was stirred for three hours in the refrigera¬ 
tor and then centrifuged in the superspeed angle centrifuge at 10,800 r.p.m. 
for 15 minutes. The highly viscous, opalescent supernatant fluid was care¬ 
fully decanted and saved. The gelatinous residue was resuspended in 
about 200 ml. 1 M NaCl solution and stirred overnight in the refrigerator. 
The suspension was centrifuged at high speed (10,800 r.p.m.) for 15 minutes 
and the supernatant solution was combined with the first lot. This prepa¬ 
ration, termed “chromosin” by Mirsky and Pollister,® has been sliown to 
consist essentially of a mixture of sodium desoxyribosenucleinate and his¬ 
tone chloride.^® In order to precipitate the basic protein, the solution 
was saturated with NaCl by adding an excess of solid salt to it and stirring 
for four hours in the refrigerator. The resultant, gel-like, milky suspension 
which could be clarified neither by centrifuging nor by filtration was stored 
overnight in the refrigerator. An aliquot, corresponding to one-fourth of 
the volume of the suspension, was diluted five times with saturated sodium 
chloride solution. A part of this diluted suspension was filtered by suction 
through Whatman No. 1 filter paper, yielding a slightly opalescent filtrate. 
The remainder of the suspension was centrifuged 15 minutes at 11,000 
r.p.m. in the angle centrifuge and the resultant, slightly opalescent super¬ 
natant solution was combined with the filtrate yielding about 600 ml. total 
volume. The sediment, consisting chiefly of histone, was discarded. The 
solution, containing the sodium salt of desoxyribosenucleic acid was stored 
overnight in the refrigerator. It was added slowly to 1.5 volumes of 95% 
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ethanol while stirring mechanically with a wooden rod. The stringy so¬ 
dium desoxyribosenucleinate precipitate wound itself onto the rod and was 
lifted out of the water-alcohol mixture. The spool of nucleinate was dried 
by pressing between layers of filter paper. It was resuspended in 500 ml. 
distilled water and brought largely into solution by stirring for 40 hours 
in the refrigerator. The solution was freed of undissolved particles by 
centrifuging and the alcohol precipitation was repeated. The precipitate 
was redissolved in 400 ml. water by stirring for several hours in the refriger¬ 
ator. After centrifuging the sodium desoxyribosenucleinate was once 
more precipitated by alcohol after adding five ml. 1 M NaCl. The spool 
of material thus obtained was pressed between filter paper and further 
dried by means of 95% ethanol, alcohol-ether in equal parts, and, finally, 
ether. The ether was allowed to evaporate and the air-dried material 
was stored in a tightly stoppered bottle. The final yield was 1.58 g. 
corresponding to 115 g. of fresh thymus tissue. The sodium desoxyribose¬ 
nucleinate thus obtained (Preparation STN-6) represented a white, 
dense, fibrous material of asbestoslike appearance. The preparation was 
readily water soluble and yielded, even at low concentration, solutions of 
high relative viscosity (a 0.1% solution in distilled water at atmospheric 
pressure had a relative viscosity of 7.2 at 26°) which exhibited marked 
streaming birefringence when examined between crossed Polaroid disks. 
It was free of protein as indicated by a negative biuret test, and of arginine 
as shown by a negative Sakaguchi reaction. The intensity of the orcinol 
reaction indicated a maximum content of 1.2% of pentose nucleic acid. 
The Dische reaction with diphenylamine was, of course, strongly positive. 
The microanalysis, kindly performed by Dr. Max M. Friedman, of the 
Queens General Hospital, N. Y., divsclosed the presence of 16.5% nitrogen 
(micro-Kjeldahl) and 8.3% phosphorus (Fiske-Subbarow method) on a 
dry basis. The material contained 22.6% moisture before drying it for the 
analysis. The nitrogen/phosphorus ratio was 1.99, i.e., somewhat higher 
than demanded by the theory (1.70). In the ultracentrifuge, a 0.2% 
solution of the material in phosphate buffer, pH 7.4, showed a single, 
hypersharp boundary, sedimenting at a rate of 520 = 6.18 X 10 In its 
properties, the material resembled closely the type of preparation obtained 
previously by Hammarsten' by a somewhat different procedure. It repre¬ 
sents the tetrasodium salt of desoxyribosenucleic acid in highly polymer¬ 
ized form as shown by the high viscosity of its dilute solutions, its intense flow 
birefringence, and its behavior in the analytical ultracentrifuge. The 
absorption spectrum showed a maximum at 259 mp (D = 1.282 in 0.008% 
solution) and a minimum at 231 mp. 

Viscomelry 

A simple viscometer of the Ostwald type was used in all viscosity deter¬ 
minations performed in the course of this work. The length of the capillary 
tube was approximately 105 mm., the volume of the upper bulb situated 
between the two marks was 2 ml., while the working vglume of solution was 
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5 ml. The viscometer was suspended in a constant temperature bath which 
was usually regulated at 30® within =*=0.1® or better. At that temperatiure 
the water constant of the instrument was 85.3 sec. The time required 
by the solutions to pass between the two marks was determined in the 
usual way with a stop watch. The relative viscosity was determined as 
usual with water or buffer as reference solvents. The determinations were 
made at atmospheric pressure although it is appreciated that different hy¬ 
drostatic pressures would have yielded a more complete description of the 
systems under investigation, especially of those exhibiting non-Newtonian 
flow, i,€., anomalous viscosity. The enzymic experiments were as a rule 
performed directly in the viscometer as the reaction vessel; the necessity 
of making viscosity determinations at frequent intervals throughout the 
course of the reaction would have rendered the variation of external pres¬ 
sure heads impractical. 

Sonic Oscillator 

An oscillator of the magnetostriction type was employed in our experi¬ 
ments. The nominal frequency of this instrument (Type R-22-1) which 
was built by the Submarine Signal Division of Raytheon Mfg. Co., Wal¬ 
tham, Mass., was 9 kilocycles. However, since the current delivered to 
the magnetostriction coil is tuned during operation to the frequency of 
mechanical resonance of the laminated nickel rod and diaphragm system 
using a decibel meter, the actual operating frequency may be as low as 
8700 or as high as 9500 cycles per second. For a given instrument the 
tuned frequency is probably reproducible within 1%. The power de¬ 
livered from the driver to the magnetostriction coil is about 50 watts at 
approximately 140 volts. The solution under study is placed in a metal 




Fig. 1. Diagrammatic repregentation of sonic oscillator (courtesy of Raytheon 
Mfg. Go.» Waltham, Mass.). 
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test cup the bottom of which is formed by the diaphragm attached to the 
nickel rod of the oscillator unit. This arrangement results in a good trans¬ 
fer of energy into the liquid. An appreciable rise in temperature during 
irradiation is prevented by a jacket surrounding the test cup through 
which cold water circulates during the experiment. The capacity of the 
cup is about 30 ml. of solution. A schematic diagram of the entire ar¬ 
rangement is shown in Figure 1. 

Spectropholometer 

A Beckman quartz spectrophotometer, Model DU, was used for the 
measurement of the ultraviolet absorption spectra of the STN solutions. 
Matched, fused silica cells of 10 mm. layer of thickness of solution were em¬ 
ployed. 

Ultracentrifuge 

An air-driven analytical ultracentrifuge of the turret type, designed ac¬ 
cording to Pickels and equipped with a schlieren optical system of the 
diagonal diaphragm-cylinder lens t>pe, was used for the sedimentation 
experiments. The arrangement has been briefly described elsewhere.' ^ 

Desoxyribonuclease Preparation 

The enzyme preparation employed in the present experiments was kindly 
placed at our disposal by Dr. M. McCarty of Rockefeller Institute for 
Medical Research. It was derived from pancreas tissue and purified as 
de8crib(‘d by him.® In addition to high desoxyribonuclease acti\ity, the 
purified material showed also a trace of proteolytic activity which was, 
however, negligible at the liigh dilutions employed. It was readily solu¬ 
ble in water and w as usually stored in a diluent containing 0.1% gelatin as 
a stabilizing agent and 0.03 M MgCh as an activator. 

EXPERIMENTS AND RESULTS 
Effect of Sonic Irradiation 
Arrangement of Experiments 

Solutions of sodium desoxyribosenucleinate (STN) of 0.1 to 0.2% con¬ 
centration were prepared freshly for each experiment. Their relative 
viscosity was measured and 30 ml. of the solution w ere placed in the test 
cup of the sonic oscillator descTibed above. The solution under study was 
irradiated for various time intervals at about 9000 cycles per second. After 
each interval, a 5 ml. aliquot was withdrawn and pipetted into the Ostwald 
viscometer where the relative viscosity was determined in a constant tem¬ 
perature bath. The contents of the viscometer w ere then returned to the 
oscillator cup and the sonic irradiation was continued. During the sonic 
treatment the test cup was cooled with running water and it was closed by 
a metal screw cap. 
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Viscomelric Observations 

In a preliminary experiment, a 0.125% solution of STN in distilled water 
was irradiated for a total time of 50 minutes. The temperature of the 
solution during irradiation was not determined. The relative viscosity 
was measured at 25.6° in 1-minute intervals of irradiation and, after the 
first 10 minutes, in 10-minute intervals. The relative viscosity decreased 
from 3.93 to 1.09 during the course of this experiment. The desoxyribose 
content, as determined colorimetrically with the Dische reaction, was found 
to be unchanged before and after the experiment. It was also ascertained 
that the mere contact of the STN solution with the metal of the oscillator 



Fig. 2. Effect of sonic irradiation on the relative 
viscosity of STN solution. 

0.1% STN-6 in veronal-HCl buffer, pH 7.4, irradi¬ 
ated in magnetostriction oscillator at 9000 c.p.s. Vis¬ 
cosity measured at 30° with 5 ml. aliquots. pH re¬ 
mained unchanged. 

cup for a period of 120 minutes produced no change in the relative viscosity 
* of the system. In two subsequent experiments, the decrease in relative 
viscosity of 0.1 and 0.2% STN solutions through sonic irradiation was 
studied under more closely controlled conditions. In these experiments, 
constancy of the hydrogen ion concentration was insured ty using veronal- 
HCl buffer of 0.1 ionic strength and pH 7.4 as the solvent. Measurements 
performed with the glass electrode (Macbeth pH meter) at the start and 
at the conclusion of the sonic treatment showed no change in pH. The 
cooling water was passed through a copper coil immersed in an ice bath 
prior to entering the jacket surrounding the oscillator cup. The tempera¬ 
ture of the solutions was measured in the test cup before and after each 
period of irradiation. The determination of relative viscosity in these 
experiments was carried out at 30®. 
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In all instances the relative viscosity of the STN solutions fell precipi¬ 
tously during the first few minutes of sonic treatment after which tlie de¬ 
crease in viscosity with continued irradiation became more gradual until it 
levelled off at a value somewhat above that of the solvent alone. Taken 
in conjunction with the other observations reported later in this paper this 
fact appears to be significant. The results of the experiment performed on 
the 0.2% STN solution are recorded in Table I, while those of the experi¬ 
ment with the 0.1% solution are graphically presented in Figure 2. 


TABLE I 

Effect of Sonic Irradiation on Viscosity of Sodium 
Desox YRIBOSEN uclein ate“ 


S<inic 

irradiation, 

Temperature in oscillator cup 

Relative 


will. 

Initial 

Final 

vise.osity 

pH 

0 

— 


12 34 

7.4 

0.08 

24 

24 

11 21 


0 17 

2.5 

25 

11 40 


0 25 

25 

25 

10 69 


0.5 

25 

26 

9 21 


0.75 

25 

26 

6 93 

7 4 

1 25 

25 

27 

4 08 


1 75 

25 

27 

2 91 


2 5 

25 

28 

2 29 


5 0 

25 

28 

1 72 


10 0 

21 

29 

1 45 


15 0 

21 

38 

1 35 


20 0 

27 

40 

1 28 


25 0 

28 

41 

1.26 

7.4 


® 30 ml. 0.2% STN-6 solution in voronal-HCl bulfer, />H 7.4, irradiated at 9000 
cycles per second. Viscosity measured at 30° with 5-ml. aliquots. 


It will be noted from Table I that the temperature in this experiment rose 
to 41 ° during the last 5-minute interval of the irradiation. However, it is 
believed that this temperature rise did not affect the results significantly, 
since the greatest part of the viscosity drop had already occurred before 
that time when the temperature was below 30® and, furthermore, since 
independent experiments on the thermal depolymerization of STN (see 
later, under “Thermal Depolymerization”) showed that even at 60® the 
relative viscosity is only slightly reduced after 7 minutes of heating. Dur¬ 
ing the irradiation experiment depicted in Figure 2, the temperature of 
the solution in the test cup of the oscillator did not rise above 23 ® at any time. 

Ultracentrifuge Experiments 

With a view toward obtaining some insight into the nature of the 
changes produced in the sodium desoxyribosenucleinate molecules by sonic 
vibrations, irradiated solutions of STN were examined in the analytical 
ultracentrifuge and the sedimentation diagrams thus ^obtained were com- 
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pared with those of the original, high-polymer material. These experi¬ 
ments were performed with the kind assistance of J. Wagman of this lab¬ 
oratory. The original STN preparation (No. 6), the chemical properties 
of which have been described above, exhibited in the ultracentrifuge a 
single, hypersharp boundary when examined in 0.2% solution in veronal- 
HCl buffer of pH 7.4 (sec Fig. 3). The relative viscosity of the solution 
used was 12.3. 

F’rom the diagram, a sedimentation constant, S 20 , of 5.5 svedberg units 
was computed. Another experiment yielded a value for S 20 of 6.2. The 
latter agrees satisfactorily with the value found previously for another 
STN preparation by Tennent and Vilbrandt^^ who assigned a molecular 
weight of the order of 500,000 to this material. It should be noted that the 
apparent sedimentation (H)nstants, as found at finite concentrations of 
STN, would have to be extrapolated to zero concentration to yield the true 
sedimentation rate, free from molecular interaction. 

A 0.2% solution of STN-6 in veronal-HCl buffer, pH 7.4, was sonically 
treated for 25 minutes in 5 minute intervals and at a temperature from 20 


E 

0 10 15 xo ZB 36 MIN. 

HIGH POLYMER SODIUM DESOXYRIBOSENUCLEINATE (S I N) 

Fig. 3. UUracentrifugal diagram of untreated STN-6. 

0.2% solution in veronal-HCl buffer, pH 7.4, relative viscosity 12.30. Speed 720 r.p.s. 

to 25®. The relative viscosity of the solution decreased from 10.67 to 1.22 
as a result of the irradiation. The final solution, upon examination in the 
ultracentrifuge, exhibited a single, well-defined boundary lacking the hyper¬ 
sharpness of the original material (see Fig. 4). The appearance of the 
sedimenting boundary indicates that the irradiation has produced a pauci- 
disperse product of still considerable particle size. The sedimentation 
constant, as calculated from the diagram shown in Figure 4, amounts to 
5.9 svedberg units, a value of the same order as that found for the original 
material. Inasmuch as the relative viscosity and the particle interaction 
had been drastically reduced by the sonic treatment, the unchanged sedi¬ 
mentation rate indicates that the decrease in asymmetry was approximately 
balanced by a reduction in particle size. In the course of the irradiation 
experiment forming the basis of Table I, samples of the STN solution were 
removed after 45 seconds and 25 minutes of sonic treatment. Their ex¬ 
amination in the ultracentrifuge showed that after 45 seconds of irradia¬ 
tion the appearance of the sedimenting boundary as well as the sedimenta¬ 
tion rate (^20 == 6.5) remain essentially the same as those of the original ma¬ 
terial. However, a certain amount of heavy, polydisperse material was 


□□□□00 
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observed during this run (0-274) in addition to the main component. 
The diagram, obtained in the ultracentrifuge with the material which had 
been irradiated for 25 minutes (0-275), as well as the sedimentation con¬ 
stant derived from it (sao = 6.2) agreed substantially with the results of 
the experiment depicted in Figure 4. 

0 10 17 W ^6 h\N. 

STN, DEP0L\MI:HTZED by sonic radiation (25 MIN. AT 3000 C.P.S.) 

Fig. 4. illtracentrifiigal diagram of sonically irradiated STN-6. 

0.2% solution in \eronal-HCl buffer, pH 7.4, sonically treated 25 min. at 9000 c.p.s. 
Speed 700 r.p.s. 


Other Obaeruations 

In order to determine whether the decrease in viscosity upon sonic ir¬ 
radiation is due to simple depolymerization or to a destruction of the pu¬ 
rine or pyrimidine bases of the component nucleotides, the ultraviolet ab¬ 
sorption spectrum of a sonically treated STN solution w as compared with 
tlial of the original untreated material. It is known that the intense ab¬ 
sorption of nu(;lei(* acids at about 260 mp is due to their content in purine 
and pyrimidine bases and that the spextrum of riboscnuclei(' acid is only 
slightly modified by enzymk^ depolymerization.The same is true for des- 
oxyribosenucleii' acid as will be shown later in tliis paper. 

A 0.048% solution of sodium desoxyriboseiiucleinate (STN-O) in dis¬ 
tilled water was sonically treated in the oscillator for a total period of 80 
minutes in 5-minute intervals. Owing to efTicienI cooling the temperature 
rose during each irradiation period onl> from 14.5 to 18.5°. Th(‘ relative 
viscosity of the solution decreased from 3.11 to l.OO (measured at .30°). 
1 ml. of the irradiated solution was diluted with 5 ml. water and the light 
absorption of the diluted solution was measund in a 10 mm. layer in the 
Beckman spectrophotometer, in the region from 220 to 310 nip against dis¬ 
tilled water as reference solution. Figure 5 shows that the resulting spec¬ 
trum was practically identical w ilh that of the original STN solution diluted 
in the same manner. 

Tests for the liberation of inorganic phosphate as a consequeiu'c of sonic 
irradiation, carried out by the standard Fiske-Subbarow colorimetric 
method, were negative. Dr. Max M. Friedman determined the formation 
of acid-soluble phosphorus at three different temperatures from a sonically 
treated STN preparation and compared it with the corresponding behavior 
of untreated STN. The results, as shown in Table II, indicate that sonic 
irradiation does not produce low-molecular, mono- or oligonucleotides 
which w ould be soluble in trichloroacetic acid at low^ temperature. 
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Fig. 5. Ultraviolet absorption spectra of STN-6 
solutions: (1) untreated; (2) sonically treated* 


TABLE II 

Distribution of Acid-Soluble Phosphorus in Treated and Untreated 

STN Preparations'* 


STN Preparation 

Temperature, 

Add-aoluble P, 
expressed as mg. 
DNA/ml. 

Untreated. 

. 30 

0.02 


60 

0.05 


90 

1.18 

Sonically treated. 

...... 30 

0.02 


60 

0.05 


90 

1.05 

Enzymatically treated. 

. 30 

0.78 


60 

0.09 


90 

0.01 

Thermally treated. 

. 30 

0.00 


60 

0.01 


90 

1.12 


• Aliquots of each premration were extracted with trichloroacetic acid for 15 
minutes at 30°, 60°, and 90°, respectively, and the acid-soluble phosphorus detw- 
mined in each case. Results are expressed in equivalent amounts of desoxyritxjsenu- 
cleic acid (DNA). 


Experiments with Desoxyribonuclease 
Arrangement of Experiments 

The total volume of the test system was 5 ml. It was made up of 4.5 
ml. substrate solution (0.05 to 0.2% sodium desoxyribosenucleinate (STN- 
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IV or STN-VI)) in distilled water or in veronal-HCl buffer, pH 7.4, plus 
0.5 ml. enzyme solution, containing from 0.5 to 10 jug. of purified pancreas 
desoxyribonuclease per milliliter in a 0.1% gelatin-0.03M MgCb solvent. 
In experiments employing specific inhibitors, these were added to the en¬ 
zyme solution prior to its addition to the test systems. As a rule, the reac¬ 
tion was allowed to proceed in the lower bulb of the viscometer (see above, 
under “Viscometry”) while it was immersed in a constant temperature 
bath held at 30®. In confirmation of previous observations® it was found 
that the presence of magnesium ions (or manganese ions) was indispensable 
for the activity of the enzyme. 

Viscomelric Observations 

At a final enzyme concentration of 0.05 to 0.2 /zg. per milliliter test sys¬ 
tem, a rapid fall in the viscosity of the STN solution was observed which, at 
30° and within 10 to 60 minutes, depending on the amount of enzyme pres¬ 
ent, reduced the relative viscosity of the system to a value close to that of 
the solvent. By way of example, the changes in relative viscosity, as re¬ 
corded in the course of a typical experiment, are reproduced in Table III. 
In this instance, determinations of viscosity were performed 1 minute after 
adding the enzyme and from then on in 5-minute intervals for an observa¬ 
tion period of 30 minutes. A final determination was made after 60 min¬ 
utes. The corrections, which are made necessary by the fact that the 

TABLE III 

Effect of P\NCREiVS Desoxyribonuclease on Viscosity of Sodium 
Desoxyribosenucleinate (STN)“ 


Time elaiNMHl 
after adding 
enzyme to 
suMtrate 
aoln., min 

Time corrected 
for period 
required for 
visooBity 
detn , min. 

Time required 
for syatem to 
pass marks of 
viscometer, sec. 

Relative 
viscosity 
at 30® 

1 

2.5 

189 6 

2 22 

5 

6.5 

172.0 

2 02 

10 

11 

153.2 

1 80 

15 

16 

140.3 

1.64 

20 

21 

126 8 

1.49 

25 

26 

119.7 

1.40 

30 

31 

112.6 

1.32 

60 

61 

95.3 

1 12 


® 4.5 ml. STN-4 (0.06%) in veronal-HCl buffer, pH 7.4, plus 0.5 ml. enzyme 
solution (0.5 ns. purified desoxyribonuclease per ml.) at 30 °. 

* The time list^ in the first column was that which elapsed between the addition of 
the enzyme solution to the substrate in the viscometer and the start of the viscosity de¬ 
termination. The time listed in the second column was computed by adding one half 
of the time listed in the third column (rounded off to the nearest half minute) to that 
listed in the first column. 


time required for measuring viscosity is appreciable when compared with 
the reaction time, are indicated in the Table III. In general, the visco¬ 
metric observations made in this work agreed satisfactorily with those 
described by McCarty.® 
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Inhibitor Experiments 

The inhibitors studied by us were selected on the basis of previous reports 
containing references to their action on desoxyribonuclease* Thus, 
Fischer et aU* has reported that sodium arsenate and arsanilic acid in 
0.001 M concentration will inhibit the liquefaction of Mg a-nucleinate gels, 
while McCarty® states that both fluoride and citrate inliibit the depoly- 
merizing action of pancreas desoxyribonuclease on STN as well as on the 
Pneumococcus transforming principle.^® The present experiments were 



Fig. 6. Inhibition of desoxyribonuclease by so¬ 
dium arsenate. 

Viscosity measured at 30°. Volume of test system, 
5 ml. (4.5 ml. 0.05% STN4V in veronal-HCl buffer. 
pH 7.4. 4” 0.5 ml. enzyme-arsenate solution, containing 
0.5 Atg. enzyme per ml.). . 


undertaken to compare quantitatively the activity of the different inhibi¬ 
tors, in connection with work in our laboratory'* on the isolation of native 
desoxyribosenucleoprotein from thymus tissue (Genoprotein T). 

Preliminary experiments with sodium arsenaie at low concentration 
(0.001 M) and relatively large amounts of enzyme (2 /ig./ml.) failed to 
show an inhibition when using viscosimetry as a criterion. Upon raising 
the arsenate concentration to 0.01 M and lowering the enzyme concentra¬ 
tion to 0.2 tig. per milliliter and less, a definite inhibitory effect was ob¬ 
served. A series of viscosity curves recorded in experiments employing 
concentrations of arsenate ranging from 0.001 to 0.01 M and an enzyme 
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concentration of 0.05 /ug. per milliliter of the test system are reproduced in 
Figure 6. They show the increasing degree of inhibition produced by in¬ 
creasing arsenate concentrations. The apparent discrepancy between 
these findings and those of Fischer et alM with regard to the effectiveness 
of arsenate as an inhibitor, might well be due to the difference in the test 
system and substrate employed. Experiments employing arsanilic acid 
over the same range of concentrations yielded results similar to those ob¬ 
tained with arsenate (see Fig. 7) except that the inhibition produced by 
0.001 M arsanilic acid appeared more pronounced than that caused by 
0.001 M arsenate under the same experimental conditions while the reverse 
was found to be the case at 0.01 A/ inhibitor concentration. 



Fig. 7. Inhibition of desoxyribonu- 
clease by arsanilic acid. 

Viscosity measured at 30°. Volume of 
test system, 5 ml. (4.5 ml. 0.05% STN-i 
ill veronal-HCl buffer, /;H 7.4 0.5 ml. 

enzyme-arsanilic acid solution, containing 
0.5 ng. enzyme per ml.). 



Fig. 8. Inhibition of desoxyribo- 
nuclease by sodium citrate. 

Viscosity measured at 30°. Volume of 
test system, 5 nil. (4.5 ml. 0.05% STN-4 
in veronal-HCl buffer, pH 7.4 -f- 0.5 ml. 
enzyme-citrate solution, containing 0.5 gg. 
enzyme per ml.). 


Contrary to expectations, sodium citrate proved to be a more potent 
inhibitor of desoxyribonuclease action than arsenate, as may be seen from 
the experiments presented in Figure 8. It will be seen that 0.01 M citrate 
produces a complete inhibition in the presence of 0.05 pg. of enzyme per 
milliliter of thp test system while 0.001 M citrate causes a distinct inhibi¬ 
tion. 

Sodium fluoride, when tested under similar conditions, w as shown to 
possess an inhibitory effect on desoxyribonuclease of the same order as that 
exhibited by sodium arsenate (sec Fig. 9). 

In a single experiment, ^-hydroxyquinoline, which is known for its ability 
to form metal complexes at 0.001 M concentration was found to be in¬ 
effective as an inhibitor of the enzyme which was used at a concentration of 
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0.05 fig. per ml. The percentage inhibition of desoxyribonuclease by 
arsenate, fluoride, and citrate, as calculated from the linear portion of the 
various viscosity curves, is shown in Figure 10. In computing the per¬ 
centage inhibitions, the formula: 

% inhibition = ^ -^^ X 100 

(o - 6) 

was used, where a represents the time in seconds required for the original 
STN solution to pass the viscometer marks, 6 represents the corresponding 
interval for the enzyme-substrate system in the absence of an inhibitor, 
c represents the same interval for the substrate-inhibitor mixture, and d 
represents the interval for the enzyme-substrate-inhibitor system t minutes 



Fig. 9. Inhibition of desoxyritmnu- 
clease by sodium fluoride. 

Viscosity measured at 30°. Volume of 
test system, 5 ml. (4.5 ml. 0.05% Sl'N-4 
in veronal-HCl buffer, pH 7.4 -|- 0.5 ml. 
enzyme-fluoride solution, contaiiung 0.5 
Mg. enzyme per ml.). 

after adding the enzyme. From the graph, Figure 10, tlie following values 
for the concentration at which 50% inhibition occurs are obtained: ci¬ 
trate, 1.4 X 10“* M; fluoride, 6.4 X 10~* M; and arsenate, 7.9 X 10~* 
M. These values represent only a rough approximation but they are of 
practical use in selecting the most effective inhibitor for a given set of ex¬ 
perimental conditions. 


Effect on Absorption Spectrum 

In preliminary experiments, the desoxyribonuclease was allowed to act 
on STN in unbuffered solution at 30** for a length of time sufficient to cause 
a marked depolymerization, as measured viscometrically. Upon measur¬ 
ing the (^tical density of the solutions in the Beckman quartz spectro¬ 
photometer at various wave lengths ranging from 225 to 300 m^i, at an 
appropriate STN concentration, a distinct increase in extinction was db- 
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served as compared with the original STN solution. For example, the 
optical density of a 0.008% STN solution rose from 1.07 to 1.29 at 259 
m^u upon incubation with desoxyribonuclease (final enzyme concentration, 
1 fig. per ml.) for 30 minutes at 30°. When, however, the reaction was al¬ 
lowed to proceed in buffered solution (veronal-HCl buffer, pH 7.4) under 
otherwise similar conditions the extinction of the reaction system did not 
change appreciably. Thus, the optical density of a STN solution of the 
same concentration changed only from 1.03 to 1.05 upon incubation with 
the enzyme (O.J /xg. per ml.) for 30 minutes at 30°, although viscoinetric 
determinations showed that a far-reaching depolymerization had occurred. 



fNHiBi TOR CONC. fnohrffyn lOV 
Fig. 10. Percentage inhibition of desoxyribonuclease. 


The assumption that a shift in hydrogen ion concentration rather than the 
depolymerization itself was responsible for the spectral changes observed 
in the unbuffered system is further supported by the observation that the 
addition of alkali {e,g., 0.03 N NaOH final concentration) or of acid (0.014 
N HCl final concentration) will produce a change in extinction of STN of 
an order comparable to that produced by the enzyme in unbuffered solu¬ 
tions.* It might be mentioned that the enzyme itself shows an absorption 
maximum at about 280 ni/x. 

* Note added in proof: M. Kunitz (J. Gen, Physiol., 33, 349 (1949-50)) reports an 
increase in the U. V. absorption of STN solutions after addition of crystalline desoxy¬ 
ribonuclease. A reinvestigation showed that the above concentrations of an enzyme 
of lower specific activity, while causing a rapid decrease in the viscosity of the test 
system, were insufficient to produce the gradual and relatively less pronounced 
changes in optical density observed by Kunitz. 







702 


G. GOLDSTEIN AND K. G. STERN 



TIME AFTER ADDING ENZTMEIminJ 

Fig. 11. Effect of combined sonic and enzymir 
treatment of STN. 

Viscosity measured at 30®. Volume of test sys¬ 
tem, 5 ml. (4.0 ml, STN-6 in veronal-HCl buffer, 
pi I 7.4 + 0.5 ml. 0.03 M MgCb + 0.5 ml. enzyme 
solution, 10 /ig. per ml. in distilled water). Cir¬ 
cles: 0.2% STN-6, relative viscosity 10.67; tri¬ 
angles: 0.2% STN-6 partially dei)olyrnerized in 
sonic oscillator to a relative viscosity of 5.31; rec¬ 
tangles: 0.2% STN-6 diluted with water to a rela¬ 
tive viscosity of 4.87. 



Fig. 12. Thermal depolymerization of STN. 

0.1% STN-6 in veronal-HCl buffer, pH 7.2. Vis¬ 
cosity measured at 30° with 5 ml. aliquots. 
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Effect on Molecular Sedimentaiion 

4 ml. of 0.2% STN-6 solution in veronal-HCl buffer, pH 7.4, were mixed 
with 0.5 ml. 0.03 M MgCh and 0.5 ml. enzyme solution (final enzyme 
concentration, 1 /ig. per ml.). The mixture was placed in the viscometer 
and allowed to react for 120 minutes at 30®. After that time, during which 
the relative viscosity of the system had fallen from 10.67 to 1.03, the solu¬ 
tion was examined in the analytical ultracentrifuge. The sedimentation 
diagram recorded in this experiment (0-283) showed that the material had 
become extremely poly disperse and inhomogeneous: much heavy material 
sedimented at a very low speed, an indication of considerable aggregation 
of the split products, while some of the depolymerization products remained 
in solution and could not be sedimented even at high speed, indicative of 
their low molecular weight. (Additional evidence for aggregation of the 
split products is the readily visible white precipitate which invariably 
settles in the bend of the visc^ometer several hours after enzymic treatment 
of STN.) No well-defined boundary was recorded in this experiment. 

Analytical Observations 

Phosphorus determinations by the Fiske-Subbarow method failed to re¬ 
veal the liberation of inorganic phosphate as a result of the enzymic de¬ 
polymerization of the STN. However, the assay of acid-soluble phos¬ 
phorus at different temperatures by Dr. Max M. Friedman (see Table II) 
show ed that the bulk of the acid-soluble phosphorus is present in the frac¬ 
tion soluble in 5% trichloroacetic acid at 30°, w hich is indicative of the low 
molecular weight of the split products formed from STN by desoxyribo- 
nuclease. 

Effect of Combined Sonic and Enzymatic Treatment 

It was thought of interest to study the effect of the enzyme on sodium 
desoxyribosenucleinate following partial depolymerization by sonic ir¬ 
radiation. 30 ml. of 0.2% STN-VI solution (relative viscosity 10.67) 
were sonically treated for 20 seconds. The relative viscosity of the system 
decreased to 5.31 during that time. The partially depolymerized STN was 
now treated with the enzyme (1 jmg. per milliliter final concentration) for 30 
minutes at 30°. At the end of that period the viscosity had further de¬ 
creased to 1.21 (see Fig. 11). It will be seen from the figure that the course 
of the viscosity change is practically the same as that of a STN solution 
which has been diluted to a viscosity level similar to that of the sonically 
treated material prior to the addition of the enzyme. It follows that a 
brief sonic treatment of STN does not impair the ability of the material to 
serve as a substrate for the enzyme. The sedimentation diagram, obtained 
with STN after 45 seconds of sonic irradiation, indicates that the molecular 
shape of STN has been only slightly affected by this treatment (see above 
under “Ultracentrifuge Experiments”). 

It might be mentioned in passing that the activity of enzyme itself is 
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not affected by sonic irradiation at 9000 cycles per second of up to 5 minutes 
duration. 


Thermal Depolymerization 

Preliminary tests showed that a highly viscous aqueous solution of sodium 
desoxyribosenucleinate loses its viscosity when it is heated almost to the 
boiling point and then permitted to cool to room temperature. Upon add¬ 
ing the solution to 1.5 volumes of ethyl alcohol a flocculent precipitate is 
formed instead of the fibrous material yielded by “native” nucleic acid prep¬ 
arations. This phenomenon of thermal “denaturation” was subsequently 
studied in some detail. When dilute STN solutions in veronal-HCl buffer 
of pH 7.1 are heated for periods of from 1 to 7 minutes in a water bath at 
temperatures ranging from 60 to 100® and are then rapidly cooled in an ice 
bath, the relative viscosity as measured at 30® changes as shown graphi¬ 
cally in Figure 12. It will be seen that heating of a 0.1% STN solution for 
7 minutes at 60® affects the relative viscosity only slightly. At 80®, how¬ 
ever, and even more so at 90® and 100® a rapid fall in the relative viscosity 
of the solution occurs. At 100® the change to a viscosity close to that of 
the solvent is complete after one minute. It is evident from the curves 
shown in Figure 12 that the temperature coefficient of the thermal depoly¬ 
merization of STN increases steeply between 80® and 100®. Thus, a point 
corresponding to a relative viscosity of 2.36 is reached at 80® within 6 
minutes while the same value is attained at 90® in less than 1 minute, cor¬ 
responding to a sixfold increase in rate over a temperature range of 10®. 
This is in contrast to the two- and three-fold increase in reaction rate over 
the same temperature interval usually observed in chemical reactions. 

The examination in the Beckman spectrophotometer of a 0.048% STN 
solution in distilled water (after dilution to 0.008%) which had been heated 
for 15 minutes at 100® sliowed no change in the position of the maximum 
at 259 m/u or of the minimum at 231 m^, although the relative viscosity had 
fallen from 3.11 to 1.35 as a result of this treatment. The rise in optical 
density from 1.28 to 1.46 at 259 ttifi which was observed in this experiment 
may possibly be due to the fact that it was performed in the absence of a 
buffer system (see above, under “Effect on Absorption Spectrum”). 

No inorganic phosphate was liberated in the course of thermal depoly¬ 
merization. The analysis for acid-soluble phosphorus (see Table II) 
showed that the bulk of that fraction was only solubilized at 90®, which is 
indicative of a relatively high molecular weight of the thermal split prod¬ 
ucts. 

When a STN solution (0.2%) was examined in the analytical ultracen¬ 
trifuge (Expt. 0-284) after heating it for 15 minutes at 100® in buffered 
solution, at pH 7.4, no sedimenting boundary was observed at the speed 
employed (ca. 700 r.p.s.). The relative viscosity of the solution examined 
was 1.29. 
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Repolymerization Experiments 

Vilbrandt and Tennent^^ have studied the reversibility of the depoly¬ 
merization by acid and alkali of sodium desoxyribosenucleinate. It was 
thought to be of interest to examine the extent of spontaneous repolymeri¬ 
zation of STN following depolymerization by sonic, enzymic, or thermal 
treatment. 

A 0.16% STN solution in veronal-HCl buffer of pH 7.4 and of a relative 
viscosity of 8.19 was sonically irradiated for 25 minutes at a temperature 
not exceeding 12®. The relative viscosity decreased to 1.13 in the course 



Fig. 13. Repolymerization curves of STN-6 at 30®. 

Open circles: sonically treated 25 min. at 9000 c.p.s.; crosses: sonically 
treated 0.5 min. at 9000 c.p.s.; filled rectangles: thermally treated 20 min. 
at 100°; filled triangles: thermally treated 0.5 min. at 100°; open squares: 
enzymically treated 18 hours at 30°; filled circles: enzymically treated 50 
min. at 30°. 

of the sonic treatment. The final product was allowed to stand for a total 
of 21 hours at 30°. The relative vis(‘osity was determined at various inter¬ 
vals during that period and it was found to remain unchanged. After 
standing for an additional 24 hours at room temperature, again no change 
in viscosity could be detected. It would appear, therefore, that there is no 
tendency on the part of the fragments to repolymerize under these condi¬ 
tions. In the instance of a STN solution which had been sonically treated 
for only 30 seconds, a slight increase in relative viscosity from 3.92 to 4.21 
occurred on standing for 22 hours at 30°. 

A 0.14% STN solution was depolymerized by desoxyribonuclease in the 
presence of magnesium as activator. After 18 hours at 30°, the relative 
viscosity had reached a value of 1.05, whereas the 0.18% STN stock solu¬ 
tion used in the experiment showed a relative viscosity of 9.64. At the 
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conclusion of the enzymic treatment, citrate (final concentration, 0.03 M) 
was added in order to stop further enzyme action. No rise in relative vis¬ 
cosity of the solution was observed upon standing for 24 hours at the same 
temperature. Similar results were obtained when the enzymic depolymeri¬ 
zation was interrupted by the addition of the inhibitor after 50 minutes, at 
which time the relative viscosity had fallen to 4.22. 

A behavior differing from that of the enzymically or sonically treated 
STN solutions was exhibited by the material which had been thermally de- 
polymerized: When a 0.16% STN solution (relative viscosity 8.10) was 
heated for 20 minutes at 100°, the relative viscosity fell to 1.36. On 
standing for 23 hours at 30° the viscosity of the solution rose to 2.31. 
Similarly, the relative viscosity of a STN solution of the same concentration, 
which had been reduced to 3.46 through heating for 30 seconds at 100°, 
increased to 4.86 upon standing for 24.5 hours at 30°. These viscosity 
changes are definitely outside the limit of experimental error or variation 
and they are, therefore, to be considered as indicative of a certain degree of 
repolymerization of the split products resulting from thermal treatment of 
the STN. 

The observations made in these repolymerization experiments are sum¬ 
marized in Figure 13. 

DISCUSSION 

An attempt to explain the effect of the various physical and chemical 
agents on desoxyribosenucleic acid must take into account the following 
facts: (/) all three agents (sonic radiation, thermal, and enzymic treat¬ 
ment) lead to a depolymerization as judged by the marked decrease in rela¬ 
tive viscosity; (2) they do not appear to cause fission of the heterocyclic 
structures of the purine and pyrimidine bases of the component nucleotides 
as evidenced by the absence of drastics alteration of the ultraviolet spec¬ 
trum; and (J) they produce fragments of different type as indicated by 
their behavior in the ultracentrifuge, the results of the chemical fractiona¬ 
tion of their acid-soluble phosphorus as a function of temperature, and 
their dissimilar tendency to repolymerize spontaneously. 

If it is assumed that sodium desoxyribosenucleinate in the solvents em¬ 
ployed exists in the form of more or less extended linear polynucleotide 
chains having a backbone formed of desoxyribose-phosphate-desoxyribose 
linkages, then it follows that depolymerization must involve the rupture 
of some of these main valency bonds of the Jow-energy phosphate ester 
type. A mere reduction in asymmetry of the particles without a change in 
mass could result from a folding or coiling of the long threads into more com¬ 
pact structures. There is no evidence that the changes here observed are 
due to such a reversible transformation. 

There can be no doubt that the action of pancreas desoxyribonuclease 
on STN involves the fragmentation of the polynucleotide chain into nu¬ 
merous oligonucleotides of varying size and relatively low viscosity (c/. 
refs. 18 and 19). The present data are in agreement with that view. As 
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far as the mechanism of tlie depolymerization of STN by sonic irradiation 
is concerned, the recent experiments by Oster^ on the effect of this treat¬ 
ment on tobacco mosaic virus preparations are of special interest. On the 
basis of electron microscopic studies they lead to the view that the indi¬ 
vidual virus particles of 280 m/i length are broken first into halves and then 
into quarters through the cavitation effect resulting from the sonic vibra¬ 
tions. The sedimentation of sonically treated sodium desoxyribosenu- 
cleinate solutions in the analytical ultracenlrifuge (Fig. 4) indicates that a 
similar mechanism operates in the present instance. A replotting of the 
viscosity data obtained by Oster on tobacco mosaic virus solutions after 
sonic irradiation(Fig. 1) in a manner similar to that used in presenting 
the viscosity measurements on irradiated STN (see Fig. 2) discloses a 
comparable time course in both cases, in spite of the great disparity in the 
actual viscosity values. That main valency bonds may be broken through 
the application of purely mechanical forces to fiber structures is demon¬ 
strated by the recent experiments of Lundgren^^ on the splitting of di¬ 
sulfide cross-links in protein fibers on stretching. The depolymerization 
of desoxyribosenucleic acid by thermal treatment is of special interest in 
view of the high temperature coefficient and, hence, large energy of activa¬ 
tion, observed in the range between 60 and 100® (see Fig. 12). While 
this phenomenon is similar to the heat inactivation and denaturation of 
proteins (cj, ref. 22), there exist important differences. Thus, the nucleic 
acid molecules appear to be split into many small fragments on heating 
while the thermal denaturation of proteins, as a rule, does not lead to a 
significant alteration of their molecular weight, although in some instances 
aggregation will occur under these conditions {cf, ref. 22). This would 
seem to indicate that the bond strength of the sugar-phosphate links in the 
polynucleotide chain is smaller than that of the peptide bonds in proteins. 
The increase in viscosity on standing in thermally depolymerized STN 
solutions (Fig. 13) indicates a certain affinity of the thermal split prod¬ 
ucts for each other. 
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R^sumi 

Les effets de vibrations intenses du domaine des frequences acoustiques, des tempera¬ 
tures eievees, et de la desoxyribonuciease du pancreas sur le desoxyribosenucieinate so- 
dique hautement polymerise ont ete etudiees de fagon comparative et quantitative. Ces 
trois agents produisent une depolymerisation du nucieinate, entrainant une diminution 
rapide de la viscosite des solutions aqueuses diluees. Le spectre d’absorption ultra¬ 
violet du nucieinate n*est pas modifie cdnsiderablement par ces traitements. A Tultra- 
centrifuge, on voit que le mecanisme de la depolymerisation varie avec le type de Tagent 
utilise. Contrairement k la substance depolymerisee enzymatiquement et aux ondes 
acoustiques, le STN, traite thermiquement, a tendance k repolymeriser spontanem^nt. 
Le ducieinate sodique, partiellment depolymerise au traitement sonique, peut Itre de¬ 
grade ulterieurement k la desoxyribonuciease. 

ZuBammenfassung 

Die Wirkung von starken Vibrationen im Horbereich, von hohen Temperaturen und 
von gereinigter Pankreasdesoxyribonuklease auf hochpolymerisiertes Natriumdesoxy- 
ribonukleat wurde quantitativ und vergleichend untmucht. Alle drei Mittel rufen 
eine Depolymerisation des Nukleates hervor, die in einer schnellen Abnahme der Viskos- 
itht verdlimiter wassriger Losungen resultiert. Das Ultraviolett-Absorptionsspektrum 
des Nukleats wird durch diese Mittel nicht erheblich beeinflusst. Experimente in der 
Ultrazentrifuge zeigen, dass der Mechanismus der Depolymerisation je nach dem ver- 
wendeten Mittel verschieden ist. Ini Gegensatz zu den enzymatisch und mit Schall 
depolymerisierten Substanzen zeigt das mit Hitze behandelte Natriumdesoxyribonu- 
kleat eine Neigung, spontan nach Stehenlassen zu repolymerisieren. Natrium- 
nukleat, welches durch Schallbehandlung teilweise depolymerisiert wurde, kann durch 
Desoxyribonuklease writer abgebaut werden. 

Received October 20,1949’ 
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Tetramethylthiuram Disulfide Vulcanization of 
Extracted Rubber. I. Introduction and 
Compounding 

DAVID CRAIG, A. E. JUVE, and W. L. DAVIDSON, The B. F. Goodrich 
Company Research Center, Brecksville, Ohio 


The scope of the present series of papers embraces a limited portion of 
the field of soft rubber vulcanization, namely, vulcanization with tetra- 
methylthiuram disulfide (TMTD) in the absence of added sulfur. How¬ 
ever, for perspective, it has seemed desirable to include a minimum of work 
on simple sulfur vulcanization in the presence of accelerators. Our reason 
for investigating the thiuram disulfide type of cure stems from the relatively 
simple structure and behavior of the TMTD molecule as compared to the 
eight-membered-ring sulfur molecule. Thus, the reaction products, in¬ 
cluding those of macromolecular weight which occur in TMTD vulcani- 
zates might be fewer in number and simpler in structure than those occurring 
in accelerated sulfur vulcanizates. 

The techniques which we have applied include short path distillation 
and radiosulfur tracer chemistry. Certain applications of these will be 
described in the succeeding papers. The small-scale compounding methods 
described by Garvey* and modified to suit our purposes were used. Certain 
of the compounding features of our study were chosen to be reported in this 
introductory paper. 


Materials 

One of the main purposes of the study was to isolate and identify the 
vulcanization products. Therefore, more than usual care was taken in 
selecting and characterizing those starting materials which sometimes are 
of uncertain composition. 

Rubber. Preliminary experiments were conducted with crepe because 
of its recognized quality. Acetone-extracted crepe was chosen for later 
experiments mainly because of its low fatty acid content. The stability in 
air of this material was believed sufficient. 

Sulfur. This element, according to Nier*® contains 95% S**, 0.74% 
S**, 4.2% S*^ and 0.016% S*®. The radioactive sulfur, S*, used contained 
S*® as a tracer. The half life of this isotope is 87 i days. It was ob¬ 
tained on allocation from the Isotope Division, U. S. Atomic Energy Com¬ 
mission at Oak Ridge, Tennessee. P®* was removed from the sample by 
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oxidation to phosphoric acid with concentrated HNOa. The sulfur was 
ground in a mortar, boiled with dilute NaaCOa, and recrystallized from 
styrene. 

Analysis. Cafcd./orSg: S, 100.00. Found: 8,100.07,100.15. 

Fatty Acid. Palmitic acid was chosen because of its occurrence as a 
major component in the fatty acid used in compounding. The sample 
selected for this study was Eastman Kodak White Label, m.p. 63°. 

Zinc Oxide. A reagent grade French Process sample was used for chemi¬ 
cal reactions while pigment grade French Process material was used for 
compounding. 

Zinc Sulfide. This material was reagent grade. 

Analysis. Calcd.for ZnS: Zn, 67.1; S, 32.9. Found: Zn, 67.3, 67.3; 
S, 32.25, 32.20. 

Zinc Palmitate. This salt was prepared as described in part IV of the 
present series. 

Telramethylthiuram Disulfide or TMTD. For most of the compounding 
studies a commercial grade containing about 3% hydrocarbon oil was used. 
It melted at about 155°. By recrystallization from alcohol in the presence 
of a little sulfur or from benzene, the melting point was raised to 159-160° 
with decomposition. The preparation of radioactive TMTD is set forth 
in part II of this series. 

Tetramethylthiuram Monosulfide or TMTM. The commercial material 
melting at about 107° was used for compounding. A sample after recrys¬ 
tallization from alcohol melted at 109-110°. It was bright yellow in 
color. 

Zinc Dimethyl Dithwcarbamate or ZnDMDC. The commercial salt 
melting at 243-245° was used. 

The abbreviation PHR is used for “parts per hundred of rubber,” 
TMTU for tetramethylthiourea, DMADC for dimethylammonium di- 
methyldithiocarbamate, and PBNA for phenyl-beta-naphthylamine. 

^ Literature 

Usually the assumption due to Bruni,**^'* but studied also by Bedford and 
co-workers,is made that one of the four sulfur atoms of TMTD 
is available for effecting vulcanization. This assumption finds support in 
the fact that TMTM does not vulcanize rubber in the absence of added 
sulfur although Cummings and Simmons® reported that 4.333 PHR TMTM 
+ 0.667 PHR sulfur is equivalent to 5.00 PHR of TMTD for the vulcaniza¬ 
tion of rubber containing 5.00 PHR of zinc oxide. These investigators 
opined that this behavior supported the contention of Bedford and Gray^ 
that TMTD is active as the result of the formation of ZnDMDC. Clark, 
LeTourneau, and Ball^ detected this salt in situ in vulcanizates. Jarrijon^* 
effectively used a somewhat obscure ultraviolet absorption technique for 
the quantitative analysis of acetone extracts. He found that 70-76% 
of the TMTD (3 PHR) added to a zinc oxide (2 PHR) stock could be ac- 
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counted for as ZnDMDC. The spectrographic results were verified by a 
gravimetric procedure. Jarrijon found that either acetone extracted or 
deproteinized rubber vulcanized satisfactorily with TMTD provided zinc 
oxide was present. He considered that fatty acids were not necessary and 
that vulcanization occurred only when ZnDMDC was formed. Shep¬ 
hard,previous to the above work, demonstrated by color reactions that 
the zinc salt was formed during vulcanization and this was confirmed by 
Shimada.®* Morrison and Shephard^® quote Cotton and Westhead® 
(erroneously) to the effec t that fatty acids are required with TMTD and 
suggest that lack of H 2 S formation with extracted rubber would prevent 
vulcanization. Hydrogen sulfide in small amounts was considered neces¬ 
sary by Bedford and Gray in that it effected tlie formation of ZnDMDC. 
They considered H 2 S to be an inhibitor of vulcanization if present in excess 
of the amount required to convert the TMTD to ZnDMDC. The prod¬ 
ucts of the latter reac'tion were reported to be zinc sulfide, CS 2 , and di- 
meth y lammoni urn di me I h y Id i thiocarbama te. 

Most investigators^’consider that zinc oxide is either 
necessary or desirable for the development of the best physical properties. 
The minimum quantity mentioned by Morrison and Shephard is 1 PHR 
but they prefer 5 PUR. However, Bedford and SebrelP state that the 
accelerating activity of TMTD is not dependent on the presence of zinc 
oxide. Jarrijon suggested the addition of the TMTD molecule as dithio- 
carbamate radicals to the double bonds of rubber with the simultaneous 
formation of water and ZnDMDC. He proposed no exact mechanism 
but only a “statistical” reaction. He also commented with respect to the 
TMTD not converted to ZnDMDC, “the last one-third of tlie TMTD 
must either combine witli the rubber or be decomposed, but in any event 
does not form TMTM.” The main vulcanization reaction was postulated 
as a simultaneous polymerization and dehydrogenation. Both Farmer^ 
and Gee® consider TMTD vulcanization to involve the formation of C to 
C linkages. Stieliler and WakeliiP^ believe that “vulcanization is not 
solely a cross linking of rubber with sulfur or other primary valence bonds, 
but rather that both the Tuads (i.e., TMTD) and metallic ion become a part 
of the structure of the rubber molecules.” 

One object of the present study was to determine what unrecognized 
products are formed in the vulcanizate. A survey of the literature cited 
seemed to indicate that new compounding data were needed in order to 
avoid unnecessary isolations and analyses on unimportant stocks. The 
following account of our compounding studies also includes some work 
suggested by the use of our various techniques to be described in the later 
papers of the series. 


RESULTS 

Role of Fatty Acid in TMTD Cures. With respect to the effect of fatty 
acids on TMTD cures, our results (Table I) agree with those of Jarrijon.^^ 
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These data were obtained on compounds having the base formula A of 
extracted pale crepe 100, zinc oxide 5, TMTD 4, and PBNA 1.0. Recipe 
B had 1.5 parts of palmitic add added. 

TABLE I 


Rsotpe A Badpa B 


Cure time at 
810 *F., min. 

Mod. 

S00% 

Mod. 

600% 

TensUe 

Elonga* 

tion 

Mod. 

500% 

Mod. 

600% 

Tensile 

Elonga¬ 

tion 

1.5 

200 

350 

950 

675 

300 

550 

2400 

867 

2.5 

300 

525 

1800 

833 

375 

700 

3175 

853 

5 

450 

875 

3400 

907 

550 

1200 

3975 

803 

8 

550 

1250 

3425 

800 

650 

1600 

3550 

707 

11 

550 

1350 

3850 

800 

600 

1600 

3825 

717 

15 

625 

1550 

3875 

740 

600 

1750 

3800 

712 

23 

600 

1475 

3250 

740 

575 

1300 

3550 

705 


Except for a somewhat faster curing rate for the fatty acid containing 
stock B and a slightly higher modulus, the properties of the two stocks are 
similar. 



Effect of Variations in Concentration of Zinc Oxide. A series of com¬ 
pounds based on formula A and containing from 0 to 4 PHR of zinc oxide 
were prepared, cured, and tested. The results are illustrated in Figure 1. 
From these data it appears that for this concentration of TMTD about 1.5 
PHR of zinc oxide are required to develop the maximum tensile strength 
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while between 2.0 and 3.0 PHR are required to develop maximum modulus. 
These data are similar to those reported by Hull, Olsen, and France^ for 
mercaptobenzothiazole stocks in which the ZnO concentration was similarly 
varied. 

The above data show that with 4 parts of TMTD on 100 parts of ex¬ 
tracted rubber and no zinc oxide a very poor cure results. However, a 
vulcanizate prepared from 10 parts of TMTD and 100 of rubber was found 
to have the following properties which show that it was well cured: 

Mod. 

Cure 600% Teneiie Eloii.utioii 

20 min. at 280 °F. 250 3825 925 

The vulcanizate was clear, had a strong objectionable odor, and was 
somewhat brittle when torn. This result definitely shows the nonessential 
nature of a metallic oxide for vulcanization, a fact that compounders have 
been aware of for a long time, although it must be admitted that certain 
physical properties are attributable to the presence of certain zinc com¬ 
pounds in the vulcanizing mixture. We have found that zinc palmitate 
when added in amounts up to at least 16 PHR results in increased activa¬ 
tion. The palmitate is more active on a molar basis than the oxide. 

Zinc Sulfide vs. Zinc Oxide as an Activator of TMTD Cures, Bedford 
and Sebrell reported ZnS as one of the products formed during vulcaniza¬ 
tion. (See, however, parts IV and V.) Therefore, it was decided to deter¬ 
mine the effect of substituting ZnS for ZnO. The results in Table II were 
obtained using the recipe, extracted pale crepe 100, TMTD 4, and 5 PHR 
of the zinc compound. 


TABLE II 

Effects of Zinc Oxide and Zinc Sulfide 
Extracted Crepe 100.00—TMTD 4.00 


Zinc oxide 5.00 Zinc sulfide 5.00 


Cure at 
280»F..min. 

Mod. 

500% 

Mod. 

600% 

Tensile 

Elonga¬ 

tion 

Mod. 

500% 

Mod. 

600% 

Tensile 

Elonga¬ 

tion 

5 

— 

— 

— 

— 

50 

100 

700 

1027 

10 

175 

300 

1900 

945 

175 

275 

2350 

965 

20 

300 

450 

2750 

875 

250 

500 

3600 

940 

30 

525 

1025 

3075 

780 

250 

450 

3200 

925 

45 

575 

1225 

3350 

733 

250 

350 

2975 

907 

60 

550 

1225 

4000 

745 

225 

450 

3200 

925 

90 

775 

1425 

3450 

710 

200 

275 

2650 

960 



After Aging 24 Hours at 212 ®F. 




45 

575 

1200 

3100 

733 

200 

375 

2975 

893 

60 

575 

1250 

2350 

700 

175 

350 

2900 

875 


These results demonstrate that a good cure is obtained using ZnS instead 
of ZnO but that a lower modulus and higher elongation is developed, in¬ 
dicating a less “tight” cure. Evidence that the ZnS is pot inactive is shown 
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CURE TIME 6 280* F IN MINUTES 



0 K) 20 30 45 60 90 


CURE TIME • 280* F IN MINUTES 
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by comparing these results with those shown in Figure 1 for the stock con¬ 
taining no ZnO. 

Effect of Large Dosages of TMTM on Vulcanization. Since TMTD can 
be prepared by heating sulfur with TMTM (compare part II) it would be 
reasonable to expect that, even in the presence of rubber, sulfur and TMTM 
would form TMTD. It may be supposed also that if excessive ratios of 
TMTM were used they should have a retarding or inliibiting effect on the 
cure provided TMTD is incapable of vulcanization when thus stabilized. 

To confirm this supposition the following two series of compounds were 
prepared: (f) extracted pale crepe 100, zinc oxide 5, sulfur 0.4, and TMTM 
2.6, 5, 8, 12, and 16 PHR; and (2) extracted pale crepe 100, zinc oxide 5, 
TMTD 3.00, and TMTM 0, 5, 8,12, and 16 PHR. 


4000- 


3200K> 


2400— 


V) 

Q. 


I 

O 

i 


I60( 


I I I ^ I I I I 

' J\QUBL -A I 

EFFECT OF ZnDMDC ON TMTD CURES' 


TENSILE AT BREAK 
RECIPE 

EXTRACTED PALE CREPE 100.0 

ZINC OXIDE 5 0 

TMTD 3 0 

ZnDMDC VARIABLE 

AVERAGE OF 30' 45' 60 ', 90 ' CURES ® 280*F 


>— 2 —0-0- 

— 

6007o MODULUS 

1 . 

> 500 % MODULUS 

1_1_1-1- 


0 Q4 0 8 1.6 

PHR OF ZnDMDC 


32 


The stress-strain data obtained on these vulcanizates are illustrated in 
Figures 2 and 3. The marked inhibition observed is evidence that the 
above supppsitions are correct. A similar effect was noted for sulfur 
vulcanization where ZnDMDC was used as the accelerator. A possibly 
related “retarding” effect of Captax and Altax on Tuads has been re¬ 
ported [Vanderbilt News, 1, 31 (1931)]. We have also found n-dodecyl 
mercaptan to strongly inhibit TMTD vulcanization, a result which recalls 
Bedford and Gray’s experience with H 2 S. 

Effect of the Addition of ZnDMDC to a TMTD Stock. Since ZnDMDC is 
one of the principal products formed during vulcanization with TMTD 
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and ZnO, it was of interest to determine the effect of the addition of in¬ 
creasing proportions of ZnDMDC to such a composition. To a base.stock 
containing extracted pale crepe 100.0, TMTD 3.00, and ZnO 5.00, the 
following proportions of ZnDMDC were added: 0.20, 0.40,0.80,1.60, and 
3.20. Sixess-strain data on the vulcanizates are illustrated in Figure 4. 
The data show that additions of the dithiocarbamate enhance the state of 
cure only slightly if at all. When the dithiocarbamate was tested as an 
activator in the absence of ZnO it was found to be about 50% as effective 
as ZnO with respect to the maximum properties , attainable, but with re¬ 
spect to the rate of reaction to be about the same as the oxide. 



Buffed of Addition of Dmelhylammonivm Dimdhyldiihiocarbamale to a 
TMTD Stock. Increasing proportions of dimethylammonium dimethyl- 
dithiocarbamate*' were added to the base stock of the preceding paragraph. 
The stress-strain data for the vulcanizates of the resulting mixtures are 
illustrated in Figure 5. While the data indicate that high ratios of the 
ammonium salt have an adverse effect on the tensile strength, visual mcami- 
nation of the vulcanizates show an increased spottiness with increasing 
ratios. This nonhomogeneity was undoubtedly responsible for the short 
breaks and low tensile strength. It is concluded that the addition of this 
salt does not affect the cure of the TMTD stock. 

SUMMARY OF COMPOUNDING STUDIES 

(f) Large dosages of TMTM inhibit TMTD vulcanization or vul- 
camzation with sulfur. 
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(2) That the presence of up to about 1.5 PHR zinc oxide is desirable 
for TMTD vulcanization was confirmed. If an unusually large amount of 
TMTD (10 PHR) is used, a well-vulcanized stock may be obtained without 
zinc activation. 

(3) Palmitic acid displayed only a mild activating effect on TMTD 
vulcanization. 

(4) Zinc dimethyldithiocarbaraate, a main product of TMTD vulcaniza¬ 
tion, is not an activator for a TMTD-zinc oxide recipe. 

(5) Dimethylammoriiura dimethyldithiocarbamate does not activate 
TMTD-zinc oxide formulations. 

(6) Zinc sulfide was found to be an effective activator for TMTD vul¬ 
canization. 
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R£sum6 

La s4rie d’articles, dont celui-ci est le premier, se rapporte k la vulcanisation lente du 
caoutchouc au moyen de disulfur e de t4tram6thyltbiurame en absence de soufre. L'< 
6tude des caract6ristiques de cette preparation inonlre que: (/) de grandes quaniit6s 
de monosulfure inhibent la la vucanisation aussi bien avec que le TMTD qu’avec le 
soufre; (2) la presence de 1.5% d’oxyde de zinc est desirable; {3) Tacide palmitique 
exerce seulement un r61e activateur lent; (4) ni le dimethyldithiocarbarnate de zinc iii 
le dimethyldithiocarbarnate de dimethylammonium n’activent les precedes TMTD- 
oxyde de zinc; (5) le sulfure de zinc est un activateur efficace. 

Zusammenfassung 

Eine Reihe von Veroffentlichungen, von denen die vorliegende die erste ist, behandelt 
weiche Kautschuk-Vulkanisierungen unter Benutzung von Tetramethylthiuramdisulfid 
(TMTD) ohne Zugabe von Schwefel. Eine Untersuchung der Mischungseharakterh- 
tika in diesem System zeigt folgendes: (f) Grosse Mengen Monosulfid inhibieren die 
Vulkanisierung mit sowohl TMTD als auch Schwefel; (2) Die Gegenwart von 1.5% 
Zinkoxyd ist erwiinscht; (3) Palmitinsaure hat nur eine leicht aktivierende Wirkung; 
(4) Weder Zinkdimethyldithiocarbamat noch Dimethylammoniumdimethyldithiocar* 
bamat aktivieren TMTD-Zinkoxyd-Formulierungen; und (5) Zinksulhd ist ein wirksa- 
mer Aktivator. 
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Experimental Study of Copolymerization. IV* 

TURNER ALFREY, JR.,** JOHN BOHRER, HOWARD HAAS.t and 
CHARLES LEWIS, Institute of Polymer Research, Polytechnic Institute 

of Brooklyn, New York 

We have investigated the copolyinerization behaviorof fourteen monomer 
pairs. The systems investigated and the reactivity ratios (ri and r 2 ) ob¬ 
tained are given in Table 1. 


TABLE I 


System 

Ml 

M2 

n 

rs 

I 

Vinylidene chloride 

Indene 

0.40 

0.33 

II 

o-Chlorostyrcne 

Indeue 

3.50 

0 0 

Ill 

Vinylidene chloride 

Coumarin 

o 

0.0 

IV 

Vinylidene chloride 

Methaorylic acid 

0 15 

3 0 

\ 

o-Ch lorosty rene 

Methacrylic acid 

0 12 

0.70 

VI 

Methyl methacrylate 

2-Vmylpyridine 

0.33 

0.70 

VII 

Vinyl acetate 

2-Vinylpyridme 

0.0 

30 

VIII 

Methyl methacrylate 

Methyl a-chloroacrylate 

0.30 

1.2 

IX 

Acrylonitrile 

Methyl a-chloroacrylate 

0.15 

2.0 

X 

Vinyl chloride 

ferl-Butylethylene 

5. 

0.0 

xi 

Vinyl acetate 

l,l-Dichloro“2,2-difluoro- 

ethylone 

0.6 

0.0 

XII 

Vinyl acetate 

Acrylonitrile 

0.07 

6.0 

XIII 

Vinyl chloride 

Diethyl maleate 

0.9 

0.0 

XIV 

Styrene 

Hexachlorobutadiene 

• 

0.0 


* Very large. 

Note: Estimated errors in above values are =^15% of reported values. 


EXPERIMENTAL 

The preparation of most of the monomers used has already been de¬ 
scribed.^ The others are described below. 

Coumarin (m.p. 71 °C.) was purchased from Eimer & Amend, and used 
as received. 

Indene (m.p. — 2.0°C.) was obtained from Barrett Division, Allied 
Chemical & Dye Corp. The sample had been purified by recrystallization 
and was used as received. 

i4-Dichloro-2,2-Difluoroethylene was obtained from E. L du Pont de 
Nemours & Co., Inc. The brass cyfinder in which it was shipped was con- 

* The work described in this paper was carried out under a research contract with the 
Office of Naval Research. 

*♦ Present address: Physical Research Division, The Dow Chemical Co,, Mid¬ 
land, Mich. 

t Present address: Polaroid Corporation, Cambridge, Mass. 
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nected to a Dry loe trap, and the contents allowed to distil ova at room 
temperature. Subsequent handling was similar to that used for vinyl 
chloride.^ 

Methyl o-chkavacrylate was jnepared from methyl a,j9-dichl(Hropropio- 
nate, which was purchased from Eastman Kodak Co. The method de> 
scribed in Experimental Plastics and Synthetic Resins was used.’ 

A sample of 40% methacrylic acid in aqueous solution containing 0.1% 
hydroquinone was supplied by Rohm & Haas Co. 100 ml. of this material 
was shaken with 25 g. of sodiiim chloride in a 500 ml. separatory funnel 
Two layers formed. The lower layer, consisting essentially of sodium 
chloride and water, was discarded. 5 g. of sodium chloride were added to 
the material in the funnel and shaken. A sludge of sodium chloride and 
water formed and was discarded. The crude methacrylic acid thus ob¬ 
tained was dried over calcium chloride for 15 hours and distilled at 4 mm. 
Practically all of the material came over in the range 44-46°C. The pu¬ 
rity of the product was determined by titration. Found: 52.7% COOH; 
theaetkal 52.3%. 

Diethyl makate (Eastman Kodak) was purified by vacuum distillation 
(b.p. 104-6“C. at 14 mm.). 

o-Chlorostyrene (Dow) was purified by vacuum distillation. 

tert-RutyMiylene was obtained Trom Professor Newell C. Cook of Penn¬ 
sylvania State College. It was distilled over sodium immediately before 
use. 

2-Vinylpyridine (Reilly Coal Tar Products) was purified by vacuum dis¬ 
tillation. 

HexacMorobuladiene (Eastman Kodak) was purified by vacuum distilla¬ 
tion. 

All copolymerizations were carried out in sealed Pyrex test tubes at 70°C. 


SYSTEM I 

(Ml) ViNYUDENB CHLOBn)B-(M*) InDENE 


Tube 

Ml 

%a 

ms 


TiaM. 

days 

1 

0.096 

60.31 

0.151 

16.5 

82 

2 

0.213 

47.21 

0.314 

10.4 

82 

3 

0.341 

Sample lost 




4 

0.458 

38.92 

0.423 

5.41 

82 

5 

0.623 

30.27 

0.542 

1.56 

82 

6 

0.798 

21.60 

0.666 

0.587 

82 

7 

0.843 

14,77 

0.767 

0.350 

22 


The Mj values for samples 1, 2, and 4 have been corrected for high con¬ 
version according to the approximate formula: 

Ms (av.) •• M» -f V* ~ ”**) (conversion) 

Samples 1 through 6 contained 0.1% benzoyl peroxide. Sample 7 con¬ 
tained no catalyst. Polymers 1-6 woe precipitated three times with 
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methanol using methyl ethyl ketone as solvent. Sample 7 was precipi¬ 
tated twice. 

All Mt values have been corrected for high conversion. The copolymers 
were purified by precipitating three times with methanol, uong benzene 
as solvent. 


SYSTEM II 

(Ml) o-Chix>hostybene-(M*) Indene 


Tube 

Aft 

%C1 

mt 


Time. 

bn. 

1 

0.160 

24.20 

0.064 

21.20 

27 

2 

0.315 

22.48 

0.141 

12.68 

27 

3 

0.452 

22.42 

0.144 

10.08 

27 

4 

0.598 

20.25 

0.239 

6.67 

27 

5 

0.730 

19.42 

0.275 

3.79 

27 

6 

0.854 

16.87 

0.381 

1.66 

33 



SYSTEM III 




(Ml) ViNYIJDENE ChLOWDE-(Ms) CoUMAFUN 


Tube 

Aft 

%CI 

ooDvemon^ 


Time 

2 

0.101 

70.6 

2.40 

0 hrs. 50 min. 

4 

0.305 

67.9 

4.47 

2 

15 

3 

0.332 

70.8 

3.37 

1 

50 

5 

0.391 

71.0 

4.94 

2 

15 

1 

0.611 

70.0 

11.20 

7 

0 


* Based on vinylidene chloride monomer. 


All tubes contained 0.1% benzoyl peroxide by weight. The polymers 
precipitated from the monomer mixtures in the form of fine white powders. 
No solvent could be found, and all were purified by prolonged extraction 
with boiling acetone. A mixture was also prepared containing 90.0 mole 
per cent coumarin. After 50 hours in the thermostat, the material had 
turned red. No residue remained upon extraction with hot water. 


SYSTEM IV 

(Ml) ViNYUDENE Chloride-(M2) Methacrylic Acid 


Tube 

Aft 

%a 

ma 



Time 

1 

0.130 

43.94 

0.428 

1.24 

5 

hrs. 10 min. 

2 

0.269 

30.66 

0.609 

0.56 

7 

25 

3 

0.412 

21.12 

0.735 

1.06 

8 

25 

4 

0.546 

15.24 

0.811 

5.85 

8 

10 

5 

0.690 

9.76 

0.880 

5.39 

7 

10 

6 

0.845 

4.01 

0.951 

3.48 

4 

45 


0.1% benzoyl peroxide was used in each case. The copolymers pre¬ 
cipitated from the monomer mixtures in the form of fine white powders. 
No suitable solvent could be found, and all were purified by prolonged ex¬ 
traction with hexane. 
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SYSTEM V. (Ml) 0 "Chlorostyrene-(M2) Methacrylic Acid 


Tube 

Mi 

%a 

ms 

oonimion 


Time 

1 

0.147 

17.98 

0.405 

5.13 

3 hrs. 10 min. 

2 

0.274 

15.95 

0.493 

4.11 

3 

10 

3 

0.380 

14.85 

0.538 

8.43 

2 

30 

4 

0.551 

13.09 

0.606 

4.74 

2 

30 

5 

0.688 

10.30 

0.705 

4.04 

3 

10 

6 

0.890 

3.74 

0.904 

4.99 

4 

35 


0.2% benzoyl peroxide was used in each case. The copolymers were 
purified by precipitating three times with hexane, using methyl ethyl ke¬ 
tone as solvent. 

SYSTEM VI. (Ml) Methyl Methachylate-(Ms) 2-Vinylpymdine 


Tube 

Afs 

%N 

ms 

% . 

oonvemon 

Time. min. 

1 

0.909 

11.76 

0.877 

4.7 

5 

2 

0.722 

10.10 

0.748 

3.7 

5 

3 

0.556 

8.69 

0.640 

6.5 

10 

4 

0.348 

6.00 

0.438 

5.9 

15 

5 

0.249 

4.94 

0.360 

6.3 

20 

6 

0.132 

3.28 . 

0.237 

7.8 

25 

0.2% benzoyl peroxide was used in each case. 

The copolymers were 

purified by precipitating three times with hexane, using methyl ethyl ketone 

as solvent. 






SYSTEM VII. 

(Ml) Vinyl Acetate~(M2) 2-Vinylpyridine 

Tube 

Mi 

%N 

% 

ms converaiou 

Time 

1 

0.90 

12 84 

0.97 

12 

1 hr. 

2 

0.69 

12.85 

0.97 

11 

2 hrs. 

3 

0.49 

12.48 

0.93 

6 

2 hrs. 

4 

0.30 

12.34 

0.92 

2 

6 days 

5 

0.15 

11.81 

0.87 

2 

6 days 


The copolymers were purified by precipitating three times with pe¬ 
troleum ether, using methyl ethyl ketone as solvent. 


SYSTEM VIII. (Ml) Methyl Methacrylat^(M2) Methyl 

a-CHLOROACBYLATE 


Tube 

Mi 

%C1 

ms 

oonvmeion 


Time 

1 

0.142 

9.51 

0.284 

4.39 

25 hrs. 25 min. 

2 

0.282 

12.84 

0.392 

7.85 

23 

20 

3 

0.418 

18.03 

0.568 

6.06 

23 

20 

4 

0.555 

21.64 

0.698 

5.43 

10 

10 

5 

0.717 

24.26 

0.796 

3.40 

3 

25 

6 

0.859 

26.00 

0.863 

3.58 

3 

25 
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No catalyst was used in preparing these polymers. They were purified 
by precipitating three times with heptane, using dioxane as solvent. 


SYSTEM IX 

(Ml) Acrylonitrile-(M2) Methyl a-CnLOROACRYLATE 


Tube 

Afa 

%C1 

ma 

% . 

conversion 


Time 

1 

0.098 

15.16 

0 319 

2.00 

22 hrs. 30 min. 

2 

0.195 

19.93 

0 480 

2.50 

3 

20 

3 

0.311 

22.72 

0 599 

4.57 

2 

10 

4 

0.458 

24.99 

0.713 

2 36 


45 

5 

0 615 

26.13 

0 778 

2.18 


45 

6 

0.783 

27.53 

0.865 

1.49 

3 

35 


0.1% benzoyl peroxide was used in tubes 1-5. No catalyst was used in 
6. The copolymers were purified by precipitating twice with hexane, using 
acetone as the solvent. 


SYSTEM X 

(Ml) Vinyl Chloride~(M 2) /er/-BuTYLETHYLENE 


Tulie 

Mt 

%cx 

ma 

% 

conversion 

Time, 

1 ^. 

1 

0.560 

44.5 

0.17 

7.1 

158 

2 

0.300 

53.2 

0.05 

5.1 

11 

3 

0 733 

No polymerization after one month 


4 

0.155 

54 5 

0.03 

4.0 

3 


0.2% benzoyl peroxide was used in each tube. The copolymers were 
purified by precipitating three times with methanol, using acetone as 
solvent. 


SYSTEM XI 

(Ml) Vinyl Acetate-(M2) 1,1-Dichloro-2,2-difluoroethylene 


Tube 

Mt 

%a 

ma 

% . 

conversion 

Time 

1 

0.835 

30.00 

0.454 

1.11 

6 hrs. 5 min. 

2 

0.646 

28.11 

0.419 

9.52 

Ihr. 35 

3 

• 0.387 

21.21 

0.299 

12.9 

1 35 

4 

0.055 

10.39 

0.135 

18.6 

1 35 


0.1% benzoyl peroxide was used in tubes 2, 3, and 4. No catalyst was 
added to 1. The copolymers were purified by precipitating three times 
with hexane, using benzene as solvent. All M 2 values have been corrected 
for high conversion. 
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SYSTEM XII 

(Ml) Vinyl Acbtate-(Mi) AcRYLOimmLE 


Tube 

Mt 

%N 

im 

e(mwiio& 

Thne, 

ndlii. 

1 

0.104 

10.37 

0.512 

2.8 

105 

2 

0.213 

15.45 

0.696 

1.8 

50 

3 

0.406 

18.12 

0.782 

2.7 

50 

4 

0.491 

20.62 

0.855 

4.6 

50 

5 

0.676 

22.20 

0.896 

6.0 

50 

6 

0.881 

26.30 

0.981 

2.3 

70 


0.3% benzoyl peroxide was used in each case. The copolymers were 
purified by precipitating three times with methanol, using dimethylform- 
amide as solvent. 


SYSTEM XIII 

(Ml) Vinyl Chloride-(M*) Diethyl Maleate 


Tube 

Mt 

%a 

mt 

%. 

oonvenion 


Time 

1 

0.088 

44.8 

0.088 

8.8 

3 hrs. 30 min. 

2 

0.182 

35.7 

0.176 

11.3 

3 

30 

3 

0.315 

29.9 

0.247 

5.7 

4 

30 

4 

0.548 

21.5 

0.372 

4.5 

7 

15 

5 

0.732 

15.9 

0.481 

2.2 

14 

15 


0.25% benzoyl peroxide was used in each tube. Samples 1 through 3 
were purified by precipitation with methanol, using methyl ethyl ketone 
as solvent. Samples 4 and 5 were purified by precipitation with 80% 
methanol, 20% water, using methyl ethyl ketone as solvent. 


SYSTEM XIV 

(Ml) Styrene-(Mj) Hexachlorobutadiene 


Tube 


%a 

mt 

oon^mion 

Tune 

1 

0.10 

2.4 

0.08 

2.1 

1 hr. 

2 

0.31 

Trace 

0.00 

2.4 

1 30 min. 

3 

0.52 

Trace 

0.00 

1.9 

1 30 

4 

0.70 

Trace 

0.00 

2.7 

5 hrs. 

5 

0.89 

Trace 

0.00 

3.5 

26 


0.2% benzoyl peroxide was used in each case. The copolymers were 
purified by precipitating three times with methanol, using methyl ethyl 
ketone as solvent. 


DISCUSSION 

The copolymerization of indene with vinylidene chloride indicates that 
indene can add to its own free radical at an appreciable rate. This was 
not alt(^ther unexpected, as the thermal polymerization of indene has 
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been reported at 120, 170, and 188°C,* We have verified the polymeriza¬ 
tion of indene at 70®C. A small amount of polymer formed after 18 days 
in the 70® thermostat. It precipitated as a fine powder upon pouring into 
methanol. 

Coumarin, on the other hand, behaves as an inert diluent with vinylidene 
chloride. The chlorine analyses indicate that if coumarin enters the poly¬ 
mer at all, it does so to an exceedingly small extent. 

Methacrylic acid was copolymerized with vinylidene chloride and with 
o-chlorostyrene with the aim of comparing it with methyl methacrylate. 
The relative reactivities of these two monomers with the vinyhdene chlo¬ 
ride and o-chlorostyrene free radicals are indicated in Table II. It is 


TABLE II 



Monomer 

Radical 

Methyl 

Methacrylic 

methacrylate 

add 

Vinylidene chloride. 

. 4.1 

6.7 

o-Chlorostyrene. 

. 2 

8.3 


seen that methacrylic acid is about 50% more reactive than methyl meth¬ 
acrylate toward the vinylidene chloride radical, and is over 4 times as reac¬ 
tive toward the o-chlorostyrene radical. This would indicate that the 
carboxyl group leads to a somewhat greater reactivity, and a somewhat 
more positive polarity of the double bond than the carbomethoxyl group. 

The data on the copolymerization of 2-vinylpyridine with methyl meth¬ 
acrylate and with vinyl acetate indicate that it is quite similar to styrene in 
reactivity. 

Methyl a-cliloroacrylate was copolymerized with methyl methacrylate 
and with acrylonitrile in order to compare its behavior with that of methyl 
methacrylate. The relative reactivities are in Table III. We see that 
methyl a-chloroacrylate is more reactive than methacrylate toward the 

TABLE III 

Monomer 

Methyl Methyl 

meth* a<ohloro> 

Radical acrylate acrylate 


Acrylonitrile. 7 7 

Methyl methacrylate. 1 3 

Methyl a-chloroacrylate. 0.8 1 


methyl methacrylate free radical, and that they are about equally reactive 
toward the acrylonitrile and methyl a-chloroacrylate free radicals. This 
would imply that the double bond of methyl a-chloroacrylate is somewhat 
more reactive and more positive than that of methyl methacrylate. 

The system vinyl chloride/tert-butylethylene was investigated because 
of the poFsibility that ter/-butylethylene would show a behavior significantly 
different from that of other olefins because of the absence of a-methylenic 









726 


T. ALFREY, JR.. J. BOHRER, H. HAAS. C. LEWIS 


hydrogen atoms. However, it was observed that this monomer copoly¬ 
merized with vinyl chloride in a fashion very similar to that previously 
reported for 1-pentene.^ Thus it did not polymerize by itself at 70°C. in 
the presence of benzoyl peroxide, and inliibited the polymerization of vinyl 
chloride. 

The behavior of l,l-dichloro-2,2-difluoroethylene indicates that it does 
not add to itself at a significant rate in the vinyl acetate copolymer. This 
nonreactivity may be attributed to steric hindrance of the halogen atoms. 
Similar results are reported in a recent paper.^ However, these authors 
were able to polymerize this compound by using acetyl peroxide as catalyst 
at a temperature of 135°C. 

As would be expected, acrylonitrile is much more reactive than vinyl 
acetate in copolymerization. Diethyl maleate is about as reactive as vinyl 
chloride toward the vinyl chloride free radical, but does not add to itself, 
probably because of steric hindrance. Hexachlorobutadiene is extremely 
unreactive. Again, we attribute this behavior to steric effects. 
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Resume 

Les r6sultats exp6rimentaux obtenus pour quatorze copolym6risations sont in^ 
diqu6es. L’addition de Tind^ne 4 un radical ind^nique est confirm6e. Ce inonom^re 
inhibe intens6ment la polymerisation du chlorure de vinylid4iie. La coumarine se 
comporte comme un diluant inerte 4 Tigard de la polymerisation du chlorure de vinyli- 
d4ne. L’effet des groupes suivants sur la r6activit6 de la double soudure est examinee: 
carboxyle, 2-pyridyle, tertiaire-butyle. 

Zusammenfassung 

Es werden experimentelle Resultat fiir 14 copolymere Systeme angegeben. Die 
Selbstaddition von Indol wurde untersucht. Dieses Monoraere inhibiert Vinyliden 
stark. Cumarin benimrnt sich bei der Polymerisation von Vinylidenchlorid als inertes 
Verdtinnungsmittel. Der Effekt der folgenden Gruppen: Carboxyl. 2-Pyridyl, teri- 
Butyl wird auf die Reaktionsfahigkeit der Doppelbindung gepriift. 

Received August 15,1949 
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Titration Potentiometrique de la Viscose. Ill 

P. HERRENT et G. JNOFF, Centre de Recherches de la Fabelta, Union des 
Fabriques Beiges de Textiles Artificiels, Tubize, Belgique 


Dans deux articles pr&6dents,^ nous avions pu mettre en Evidence quel- 
ques fails nouveaux dans rinterpr6tation de revolution subie par les 616- 
men ts constitutifs de la viscose au cours de son murissement. 

En r6sume, nous 6lions arrives conclure que: 

1. les compos6s sulfures (a Texception du Na 2 S), de meme que le car¬ 
bonate sodicocellulosique pr6sents dans la viscose, devaient se trouver 
sous la forme “ortho” et non sous la forme “m6ta.” 

2. r6volution du compose cellulosique de la viscose au cours de son 
murissement ne pouvait pas consister en une saponification pure et simple 
du groupe xanthique, comme on I’avait toujours cru jusqu’a present. Pour 
expliquer les fails exp6rimentaux, nous avons ernis Thypothese que le 
mflrissement devait plutot 6tre une evolution de diff6rents 6quilibres. Ce 
ne serait que tout au bout d’une suite de r6actions que Ton retrouve la 
r6g6neration classique, par saponification d’un groupe d’ou le soufre aurait 
disparu, des groupes hydroxyles de la cellulose initiale. 

3. en vcrtu de Tessence meme de ces differents 6quilibres, la teneur en 
sels: sulfure, mono-, di-, trithiocarbonates et carbonate de sodium, devait 
constamment changer a mesure que le murissement se prolongeait. 

II restait a faire, quantitativement, la separation exacte entre r6volutk)n 
individuelle du compos6 cellulosique d’une part et d’autre part, celle de 
chacun des sels prenant naissance au cours du murissement. En d’autres 
termes et cn abrege: il fallait tracer les courbes individuelles de la varia¬ 
tion de la teneur de chaque element de la viscose en fonction de la duree du 
mfirissement. 

Ce sera I’objet de I’article ci-dessous: 

Avant de pouvoir aborder ce probleme, nous avons du nous livrer a une 
besogne fort longue et fort ingrate de rnise au point de nos rnethodes analy- 
tiques. Finalement, en combinant des m6thodes connues de gazom6trie, 
de titration ordinaire et d’iodom6trie a notre m6thode de titration potentio- 
m6trique, nous avons r6ussi a doser tons les 61ements en pr6sence, avec 
une exactitude suffisante et dans une mesure parfaitement reproductible. 

!• ANALYSE DE LA VISCOSE AVANT L’ISOLEMENT DU 

XANTHATE 

La gazom6trie nous permet de d6terminer les quantit6s globales de CS 2 , 
CO 2 et H 2 S qui se d6gageront en traitant la viscose par un acide. D’aprSs 
nos travaux ant6rieurs, nous pouvons, par titration potentiom6trique, d6- 
terminer les teneurs respectives en sulfure et en trithiocarbonate de sodium. 
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Nous pourrons aind, pour chaque moment du mdrissement, faire la 
discrimination comply de I’origine des gaz d^gagSs par un traitement adde 
de la viscose. Le tableau I contient les r6sultats. 


Analyse de la viscose complete 


Xanthate 

daoa 

Soufre 

viaooae 

Gaxom6 

Iodoni6 

en % NazS 

E F 

Na4^iO 

tri<;^e 


TABLEAU I. 

Joim 


ment 

GOt 

HtS 

GSt 

A 

B 

C 

D 

1 

18.6 

14.0 

62.0 

2 

22.5 

25.9 

54.4 

3 

25.5 

30.8 

52.4 

4 

26.2 

32.1 

51.7 

5 

27.0 

33.7 

51.7 

8 

27.7 

35.8 

51.0 


11.7 

9.5 

5.5 

11.0 

8.0 

24.5 

11.0 

7.5 

26.5 

10.7 

7.0 

32.5 

10.5 

4.5 

37.5 

10.5 

2.0 

41.0 


SoufN 

xanthigae 

dam 

viaooae 

J 


1.97 

2.05 

1.36 

1.92 

2.02 

1.10 

1.93 

2.12 

1.126 

1.93 

2.04 

0.969 

1.95 

— 

— 

1 96 

— 

0.60 


Les coloimes B, C et D indiquent respectivement le nombre de centi¬ 
metres cubes de CO 2 , H 2 S et CS 2 d6gag6s par 10 gr. de viscose. Les colonnes 
F et G donnent le nombre de centimetres cubes de la solution d’AgNOa, 
01 N nficessaires pour pr^cipiter le sulfure et le trithiocarbonate de sodium 
contenus dans 10 gr. de viscose. Les colonnes H et I montrent le pourcen- 
tage de soufre total de la viscose, obtenu par deux mfithodes totalement 
diff^rentes; Tune (colonne H) par gazomStrie, donne la somme de CS 2 
et H 2 S d^gages, I’autre (colonne I) par iodometrie, est la rnethode ordinaire 
au zincate. La colonne J donne le pourcentage de soufre xanthique dans 
la viscose, obtenu par la m^thode habituelle (precipitation par NaCl et 
titration iodometrique au zincate). 

II. ISOLEMENT DU XANTHATE 

Pour faciliter Texpos^, nous oontinuerons k appeler “xanthate” le compost cellulo* 
sique de la viscose, bien que nous sachions que la nature et la constitution de ce compose 
evoluent constamment et ne correspondent exactement k la formule du xanthate de 
xanthate de cellulose que tout au debut du mQrissement. 

Nous nous sommes inspires de la methode de Lieser^ dont nous avons 
encore soigne les details. On pSse une certaine quantite de viscose. On 
fait cooler, en un mince filet, cette viscose dans un grand becher rempli de 
methanol, en agitant constamment. On p^se ce qui reste de viscose. 
Apr^s avoir lave 4 fois le xanthate coaguie avec du methanol frais, puis 
avec de Tether sec, on achfeve le sechage sous vide k une temperature de 
35® et on pftse. Nous avons eu soin de tenir compte de la faible quantite 
de xanthate dissoute dans le methanol. 

L’analyse gazometrique du xanthate isoie, nous donne les quantites de 
CS 2 et de CO 2 qu’il d%agera sous Taction d’un acide. Un calcul simple 
nous permettra de remonter k la viscose puisque nous connaissons sa 
teneur en xanthate. 

Les resultats sont rassembies dans le tableau II. 

Les colonnes B et C donnent respectivement le nombre de centimetres 
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cubes de CO 2 et de CS 2 d6gag6s par 1 gr. de xanthate. La colonne D 
indique le pourcentage de soufre xanthique obtenu par gazom6trie du 
xanthate isol4 et la colonne E donne le mSme pourcentage obtenu par 
iodom^trie (mfithode au zincate). 


TABLEAU 11. Analyse du xanthate isole 


Jours 

CO* 


Soufre xanthioue 

mdirissement 

cs* 

gazom. 

iodom. 

A 

B 

c 

D 

E 

1 

4.05 

26.1 

0.98 

1.08 

2 

2.46 

25 5 

0.80 

0.90 

3 

2.06 

25.0 

0.78 

0 87 

4 

2.75 

23.1 

0.71 

0 78 

5 

2 40 

19 8 

0.59 

0.69 

8 

2.60 

16.1 

0.48 

0.63 


Les colonnes B, C et D de tableau III contiennent respectivement le 
nombre de centimetres cubes de CO 2 , H 2 S et CS 2 , degagfe par 10 gr. d’une 
viscose privee de son xanthate. Ces chiffres ont 6t6 obtenus par simple 
difference des r&ultats mentionnes dans les deux tableaux precedents. 

Les colonnes suivantes donnent le nombre de centimetres cubes de CS 2 
ou de CO 2 ou d’H 2 S degages par les sels sulfures et par le carbonate de 
sodium contenus dans 10 gr. de viscose. 


TABLEAU III. Analyse de la viscose sans xanthate 


Jours 

mdrisse- 

ment 

CO* 

H,S 

CSs 

NasS 

Na^CSiO 

NsiCSzO* 

Na 4 CSOi 

Na 4 CO« 

A 

B 

C 

D 

E 

F 

G 

H 

I 

1 

13 9 

li 

24 2 

10 64 

3 08 

21 12 

0.28 

13.62 

2 

19.8 

25 03 

22.87 

8 96 

13.72 

9.15 

3 25 

16.55 

3 

23 22 

30.85 

21.96 

8 4 

14 84 

9.12 

7.65 

14.61 

4 

23 25 

32 06 

24.36 

7 84 

18 2 

6.16 

6.02 

17.23 

5 

24.48 

33.7 

27.48 

5.04 

21 0 

6.48 

7 66 

16.82 

8 

24.93 

35.8 

28.95 

2.24 

22.96 

5.99 

10.6 

14 33 


III. DISCUSSION DES RESULTATS 

Dans la viscose, les teneurs en CS 2 et en H 2 S varient en sens inverse et 
tendent vers une valeur constante a mesure que le murissernent se prolonge. 
La variation du CO 2 a la raSme allure que celle de la teneur en H 2 S. L’evo- 
lution du soufre xanthique est connue. 

La teneur en Na 2 S baisse d’une fa^on continue presque en ligne droite. 
Celle du trithiocarbonate augmente. On remarquera que cette augmenta¬ 
tion est plus rapide au d^but que vers la fin, oii la courbe montre une nette 
tendance k I’applatissement. 

Quant k ce que Ton est convenu d’appeler le “soufre xanthique” on 
verra que nous I’avons dos6 par trois mfithodes difffrentes. La gazo- 
m6trie et Tiodom^trie pratiqufes sur le xanthate isolfi de la viscose par le 
proc6d6 au methanol sont, k notre avis, les m^thodes les plus sfires. Bien 
que l*iodom4trie donne des r&ultats Ifigferement sup^rieurs, la concordance 
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entre les deux series de chiffres nous parait suilis^te, dans Fensemble, pour 
ce genre d*analyses. La troisi^me m6thode est la plus couramment em- 
polype en fabrication (precipitation du magma cellulosique par NaCl et 
dosage du soufre, avant et apr^s, par iodometrie en presence d’un sel de 
zinc). Cette mSthode nous a toujours donn^ des rfeultats de 30 k 40% 
superieurs k ceux des deux premieres mSthodes. Le soufre libre que Ton 
dose par difference, est done toujours nettement trop faible dans ce cas. 
Ceci n’a rien d’etonnant. Quelles que soient les precautions que Ton 
prenne, le magma cellulosique qui coagule sous Taction de NaCl, entralnera 
toujours avec lui—et ce, d’une fa^on tout-^^-fait irregulifere—des quantites 



Figure 1 


plus ou moins importantes de sels sulfur^. Les rfeultats de cette ra6- 
thode, s’ils sont sufBsants pour la pratique courante de la fabrication, ne 
peuvent entrer en Ugne de compte pour une 6tude scientifique de la ques¬ 
tion. 

IV. CONCLUSIONS 


Pour faciliter notre expose, nous avons mis en courbe dans le graphique 
1, la variation de la teneur des diff4rents sels au cours du mdrissement. 
Ces teneurs ont 4t6 calculdes en se basant sur les r^sultats reproduits dans 
le tableau III. 

Pour la premiere fois—notre connaissance, du moins—on a pu prouver 
I’existence, doser exactement et suivre revolution de leur teneur, au cours 
du mdrissement, du soufre xantiiique vrai et des sels mineraux presents 
dans la viscose. 

On constate que, pour une viscose jeune, tout au debut de son mdrisse- 
ment: 

1. La quantite de dithiocarbonate est forte. Ceci results de Taction du 
CSj en exc^s, restant occlus dans le xanthate, sur la soude libre. Nous 
avons demontre, en effet, que si Ton fait reagir du CSi sur une solution de 
NaOH 2 N, le premier stade de la reaction est une simple reaction d’addi- 
tiem donnant naissance & Torthoditliiocarbonate de sodium. 
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2. La quantity de sulfure de sodium est 6galement importante. Ceci 
r&ulte d’abord de la facile hydrolyse initiale du xanthate au d6but du 
mdrissement (voir nos travaux anterieurs citfe plus baut). En second 
lieu, le dithiocarbonate forme en abondance au d4but de la dissolution 
(voir au 1) est instable, comme nous savons. II perd facilement une mole¬ 
cule de Na 2 S pour donner iiaissance au metamonothiocarbonate, lequel 
en milieu alcalin, se transformera imm6diatement en orthomonothiocar- 
bonate de sodium. 

3. Le monothiocarbonate esl pratiquement inexistant au debut. En 
vertu de ce que nous venous de dire, ceci s’explique aisement, car nous 
qualifierions volontiers le monothiocarbonate de “corps secondaire,” 
en ce sens qu’il resulte de reactions entre “corps primaires.” 

4. La quantile de trithiocarbonate est faible. Ceci n’a rien d’etonnant 
car, lui aussi doit etre range dans la categoric des corps secondaires. En 
effet, nous avons demontre que si Ton fait reagir des quantiles croissantes 
de CS 2 sur une solution de NaOH 2 N, il faut attendre qu’il y ait suflisam- 
ment de Na 2 S forme, pour voir apparaitre le tritliiocarbonate. Sa pre¬ 
sence serait due a la reaction: 

SNa 

Na,S + CSj + 2 NaOH -► NaS—i—ONa + HaO 

SNa 

5. La quantity de carbonate de sodium est importante des le d6but et 
I’allure de la variation de sa teneur est difficile a expliquer. 11 serait, 
d’ailleurs, a tout le moins temeraire de vouloir le fairc 6tant donne qu’in- 
d^pendemment du CO 2 resultant de la variation des diff^rents 6quilibres 
rfiactionnels en cause, il faut tenir compte des quantitfe de CO 2 6minemment 
variables et totalement etrangeres au mecanisme du miirissement, apportees 
ici par la carbonatation de I’alcali cellulose et de la lessive sodique de 
dissolution. 

A mesure que le murissement se prolonge, on constate que: 

1. La teneur en dithiocarbonate et en sulfure diminue assez rapidement 
et que cette diminution est presque parallele. En se basant sur nos travaux 
anterieurs et sur ce que nous avons dit plus haul, il est aise de trouver 
rexplication de cette diminution et de ce parallelismc. 

2. La formation de trithiocarbonate rapide au debut, diminue graduelle- 
ment de vitesse. Etant un corps secondaire, sa teneur sera evidemment 
fonction de la teneur des corps primaires necessaires a sa formation. Cette 
derni^re diminuant, il est normal de prevoir et de constater que la forma¬ 
tion de trithiocarbonate ira, elle aussi, cn diminuant. 

3. La formation du monothiocarbonate, pour les rnernes causes que ci- 
dessus, est nettement moins rapide. 

Enfin, on trouvera dans le graphique 2 la variation de la teneur en xan¬ 
thate dans la viscose, en fonction de la dur6e du mfirissement. 

La diminution en poids du composfe cellulosique de la viscose est absolu- 
ment nette. Elle est de 10% en 8 jours. C’est la premiere fois, croyons- 
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nous, qu’une courbe de oe genre est public. On remarquera I’excellente 
concordance de cette diminution de pdids, obs^4e par pes^e directe et 
celle que Ton pourrait calculer & partir des chiffires gamma on des pourcen- 
tages de soufre xantbique au dSbut et b la fin du mfirissement. 



Figure 2 


L’allure particulifere de cette courbe, de meme que celle de rSvolution du 
soufre xantbique, nous amdnent k formuler Fopinion suivante; le coagula* 
tion totale ou plus exactement la r£g6n6ration totale et definitive des 
groupes hydroxyles de la cellulose initiale, est un phenomena sur la duree 
duquel personne, k Fheure actuelle, ne pent avoir une idee, mSme approxi¬ 
mative. 
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English SynoiMds, see Summaries, page S12, Vol. V, 1950. 

Resume 

En oombinant differentes m^thodes d’analyse oourantes e notre methode de titration 
potentiometrique, nous avons pu tracer la courbe individueUe de la variation de la 
teneur de chacun des Aliments oonstitutifs d*une viscose en fonction de la duree du 
mOrissement de la viscose. 


Zusammenfassung 

Durch Kombinierung von verschiedenen bekannten Analysenmethoden mit der vor- 
liegenden Methode fiir potentiometiisohe Titration war es moglioh, die individueUe 
Kurve zu zeicbnen, die die Anderung in der Zusammensetzung jedea Viskosebestandteili 
als erne Funktion des Heifens ausdrtickt. 

Received July 27, 1949 
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New Method for Deriving the Intrinsic Viscosity of Polyelectrolytes 

In a previous Letter to the Editors in this journaP we discussed some 
V»p./C vs. C curves for sodium pectinate in aq. sodium chloride solutions. 
C is the pectinate concentration in grams per 100 ml. These curves show a 
maximum in the neighborhood of a C value at which the equivalent con¬ 
centration of the polymer is about equal to that of the sodium chloride. 



Fig. 1. rispJC V8. C for sodium pectinate in solutions of 
NaCl. The value of xq denotes the NaCl concentration in 
millimoles per liter at the limit C « 0. 
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It was suggested by us at that time that it might be possible to avoid the 
maximum by measuring the viscosity at various polymer concentrations 
in a series of electrolyte solutions in such a manner that the total ionic 
strength of the solution is kept constant. 

It was found experimentally that this idea is correct. In our former work, 
all the points along a given curve refer to solutions of equal NaCl 
content, the polymer concentration being the only quantity that was 
changed. The straight lines in Figure 1 , however^ were obtained by gradu¬ 
ally replacing the polyelectrolyte by an “equivalent” amount of NaCL 
It was found that, for all these lines, 1.5 millimoles of NaCl must be con¬ 
sidered as “equivalent” to 1 milliequivalent of the polyelectrolyte. In 
other words, if x denotes the concentration of NaCl in millimoles per liter 
and 7 the polyelectrolyte content in milliequivalents per liter, we have 
a; = xo — 1.57 along each of the lines. When the polymer is replaced by 
either less or more sodium chloride than this, the 17 ,p./C lines becomes 
slightly curved. A detailed discussion of these data, in conjunction with 
similar results obtained in solutions of carboxymethylcellulose, will be pub¬ 
lished later. 

The phenomenon is not in itself very surprising except for the fact that 
the polymer-to-NaCl ratio has a constant value of 1.5 for all the lines in 
the whole range of C values investigated. The method may be used to ob¬ 
tain intrinsic viscosities with a higher degree of reliability, and is presum¬ 
ably applicable also to light scattering, osmotic measurements, and other 
data. 

The pectinate used has been described in our previous note. ’ I ts number- 
average molecular weight was measured in a Fuoss and Mead type of osmom¬ 
eter and was found to be 4.7 X 10^. 

Reference 
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Note on Density Determination of Cellulose Fibers by the Flotation 
Method in Carbon Tetrachloride* 

In a recently published monograph,^ as well as in a paper in this jour¬ 
nal,* we have proposed a method for the determination of the density of 
cellulose fibers in an absolutely dry condition and with exclusion of air. 

* Communication No. 29A from the Laboratory for Cellulose Research. 
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Since we know that several other workers have taken up this method we 
wish to draw attention to a source of error that was discovered later and 
eliminated. 

It was found that the fiber pellets used for the flotation method in carbon 
tetrachloride frequently exhibited a slightly acid reaction after the density 
determination. Sometimes irreproducible results were obtained if this 
acid reaction was considerable. After a long search it was established 
that the acid contamination had its origin in the presence of phosphorous 
pentoxide in the bulb from wliich the carbon tetrachloride is distilled, 
though this oxide is not volatile under the conditions of the experiment. 
However, commercial pentoxide is usually contaminated with a small 
amount of phosphorous trioxide. The trioxide is readily volatile with the 
vapors of boiling carbon tetrachloride. 

It is therefore recommended that the pentoxide used be tested for the 
presence of trioxide. To that end, the oxide is dissolved in water and neu¬ 
tralized with sodium hydroxide, using phenolphthalein. Then silver ni¬ 
trate is added to precipitate the yellow silver phosphate. If trioxide is 
present, the latter turns brown or black upon boiling. 

To purify contaminated pentoxide we have sublimed it at a tempera¬ 
ture of 300-310 °C. in a current of dry oxygen. Most of the trioxide can be 
oxidized in this way, though it appears to be difficult to destroy the last 
traces of it. 

It is recommended that the fiber pellets be tested for the presence of 
phosphoric acid after termination of the density determination. The very 
sensitive test given in F. Feigl, Qualilalive Analyse mil Hilfe von TupfeU 
reaktionen, Leipzig, 1938, 3 Aufl., p. 334, can be used. The test should be 
negative or only faintly positive. 
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Molecular Weight of Nylon by End^Group Titration 

Several authors^ have described techniques for the end-group titration of 
dissolved polyamides. A certain difficulty is encountered because of the 
insolubility of certain nylons in normal organic solvents. Palit^ has shown 
that weak bases can be easily titrated in organic solvents with a solution of 
perchloric acid in glycolic mixtures, such as glycol-isopropyl alcohol or 
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propylene glycol-chloroform. Taking advantage of this fact nylon was dis¬ 
solved in phenol containing a small amount of glycol and titrated electro- 
metrically with A^/10, iV/50, and N/lOO perchloric acid in 1:1 glycol:- 
isopropyl alcohol. A typical titration curve is shown in Figure 1. The 



Fig. 1. Titration of nylon. 


molecular weight was calculated from the equivalence point obtained from 
the inflexion point of the graph of apparent pH against volume (cc.) of acid 
added, assuming the existence of one free primary amino group at tlie end 
of each chain. The molecular weights obtained by this method were 
checked against those obtained by point depression of phenol (Table I). 

TABLE I 


Titration with perohlorio acid Molaoular weiiAit 

N/IO . 11,110 

7V/50. 11,100 

N/IW . 11,010 

Oepnaion of fraatinc point 

8.5% solution in phenol gave M • 0.070... .10,000 


Thanks are due to Prof. Santi R. Palit for his keen interest and helpful 
suggestions. 
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New Ohservationn on the Small-Angle X-Ray 
Diffraction of Synthetic Fibers 

It has been reported by several workers^ that synthetic polyester and 
polyamide fibers diffract x-rays at small angles to give diffuse interferences 
representing a definite periodicity along the fiber axis. Similar results 
have been reported by Fankuchen to Firth® for polythene. In all cases the 
interferences have been described as streaks across the meridian and have 
been interpreted as showing one-dimensional order in the fibers. 

We have now observed that certain nylon (Fig. 1) and polythene (Fig. 
2) fibers give small-angle maxima that are discrete interferences not lying 



Fig. 1. Small-angle x-ray diffraction 
of nylon 610 filament. Specimen-to- 
plate distance 15.0 cm. Fiber axis 
vertical. CuKa radiation. 


Fig. 2. Small-angle x-ray dif¬ 
fraction of polythene fiber. Speci- 
men-to-plate distance 22.6 cm. Fiber 
axis vertical. CuKa radiation. 


on either the meridian or the equator. These results indicate that the units 
of fiber structure responsible for diffraction effects at small angles appar¬ 
ently are arranged with considerable regularity in two or three dimensions 
rather than in one direction only. For polythene fibers, both first- and 
second-order uilerferences have been observed. 

These observations were first noted with a fiber of a copolymer of poly- 
hexamethylene adipamide and polyhexamethylene sebacamide containing 
the two ingredients in a proportion of 95:5 by weight. The fiber had been 
drawn to six times its original length at 212®C. The interferences ob¬ 
served corresponded to a layer line spacing of 98 A. and the angle of dis¬ 
placement of the spots from the meridian, 6, was 30®. It was subsequently 
found that a sample of polyhexamethylene sebacamide (nylon 610) drawn 
to four times its original length and relaxed in boiling water gave similar 
interferences with an identity period along the fiber axis of 87 A. The 
spots were displaced 33® from the meridian. Fibers of this polyamide 
which had been drawn only or had been drawn and subjected to drastic 
setting treatments by exposing them to hot aqueous phenol* after drawing 
gave only streaks across the meridian. 

Oriented polythene fibers and films have given nonmeridional interfer- 
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ences which vary considerably according to the history of the sample. 
Typical observations on polythene are given in Table I. 

TABLE I 

Small-Angle X-Ray Interferences for Polythene Fibers 


Identity period 


along 

Sample fiber axis, A. 5^ 

(a) Unit length of fiber drawn to length of 7.6. 155 45® 

(b) (a) relaxed 26% to length of 5.6. 180 42® 

(c) (b) redrawn 2/1 to length of 11.2. 175 51® 

(d) (a) relaxed 42% to length of 4.4. 200 35® 

105 (second 
order) 

(e) (a) relaxed 57% to 3.3. 200 14® 


® Angle between meridian and radius from central spot to interference. 


On the basis of reciprocal lattice theory, Hess and Kiessig^ have proposed 
that the length of the interference along the layer line is an inverse measure 
of the width of the diffracting structure. Broad interferences are inter¬ 
preted to mean that the diffracting plane is very small, approaching a point 
in size. Shortening of the interferences is taken to mean that the planes 
and accordingly also the diffracting structures have become wider. The 
observations reported here indicate that at least in the cases studied another 
explanation is necessary since it is not apparent how any combination of 
one-dimensional order and size of diffracting structure alone could cause 
the appearance of nonmeridional interferences on the layer line in all 
orders of diffraction. 

Further evidence that the type of order found in these polymers is mul¬ 
tidimensional is given by the observations that the long spacings of poly¬ 
thene do not change with the angle of tilt as would be expected from a ma¬ 
terial ordered essentially in one dimension, as has actually been observed 
in the case of collagen by Bear and Bolduan.^ Samples of polythene tilted 
into the beam show shifts in the lateral position, and the spots merge on 
tilting, but the Bragg spacing remains constant. 
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Transport of Uncharged Polymer Molecules by an Inhomogeneous 

Electric Field 


Recently, Karagounis^ has described some experiments in which nitro¬ 
benzene and p-nitroaniline in benzene solution tended to migrate into the 
region of highest field strength in an inhomogeneous electric field, giving 
measurable concentration changes. It is obvious that this effect will be 
larger in polymer solutions because of the large volume of the polymer 
molecules, provided, of course, that the total polarizabilities of the solvent 
and solute differ appreciably. 

Therefore, it is of interest to derive the equilibrium condition between 
electrical forces and diffusion and to predict the order of magnitude of the 
concentration gradient obtainable with Karagounis’ apparatus^ for a typi¬ 
cal case. The approach used is essentially the same as that of Debye^ in his 
consideration of the salting-out effect. In his case, the local concentration 
of neutral molecules as a function of distance from an ion was desired. For 
the macroscopic (;ase, the equilibrium condition may be written as: 

(diJL 2 /dc 2 ) dci + (diJL 2 /dP) dP + (dW 2 /dx) dx - 0 (1) 

where C 2 is the solute concentration, /i 2 is the chemical potential of solute, 
W 2 is the electrical potential energy of solute, P is the pressure, and x is 
the distance from some reference. 

We immediately encounter the difficulty that W 2 may depend on the 
electrical intera(^tion betwc'cn solvent and solute, in contrast to the gravita¬ 
tional case wh(Te the potential energy is independent of the interaction. 
In general,^ and in a binary system: 

« - 1 / 4 ^ = {Viai + V2a2}^ (2) 

Here e is the dielectric constant of the solution, Vi and V 2 are volume frac¬ 
tions, and a 2 are specific polarizabilities (including orientation polariza¬ 
tion), and 0 is the ratio of the local field to the average field. According to 
Onsager,® 0 = 3e/(2€ +1). As stated above, ai and a 2 may be concentra¬ 
tion dependent. The energy per unit volume of dielectric is: 

IV = ^ ^ Y2a20E^ 



The average field strength is E. 

Assuming that W 2 is given to a first approximation by the second term 
in equation (3) with constant a 2 and jS, for dilute incompressible solutions, 
we have. 


dx dx \ 47r ;/ 2 )C 2 


(4) 


The partial volume of the solute, on a consistent basis is denoted by F 2 . 

It has also been assumed that saturation effects can be neglected (i.e., 
the orientation part of a 2 can be approximated using the first term of the 
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Langevin function). According to some calculations by Debye,* it is be¬ 
lieved that this assumption is justified. The change in didectric constant 
caused by the orientation of nonpolar anisotropic particles has also been 
neglected. Equation (4) may be simplified for order of magnitude calcula¬ 
tions by writing a:j3 in terms of an “equivalent dielectric constant,” 
Then, to a very good approximation, using Karagounis’ apparatus con¬ 
sisting of a thin insulated wire coaxial with a cylindrical metal shell, we 
may write. 


—CqAM am/I^ 
dx X* 


( 5 ) 


C% Ctfi 


( 6 ) 


Here x is measured from the center of the central wire. A monodisperse 
ideal solute of molecular weight M has been assumed. The concentration, 
Co, is the initial value. . 


A 


- t) 

4iri?r€*|—In - 4- In-I* 

\€q do d/ 


( 7 ) 


Here $ is the potential difference, eg is the dielectric constant of the insula¬ 
tion on the central wire, Oo is the radius of the central wire, a is the radius 
of the central insulator, and b is the radius of the outer shell. For poly¬ 
vinyl chloride*'* in dioxane, M — 10*, n = 12.8, t = 2.3, »= 0.6 cc./g., 

Co = 0.5 g./lOO cc., we obtain c« (at center insulator surface) = 1.243 co. 
The concentration gradient in all cases is confined to the immediate 
neighborhood of the central wire, as illustrated below. (A = 1.089 X 
10 -» $ = 10* volts.) 


Theoretical Concentration Gradient as Function of Distance for 
Polyvinyl Chloride in Dioxane 


de/dac, g«/100 oo./oiii« 2 , an, 

54.14 0.005 

5.59 0.010 

1.62 0.015 

0.68 0.020 

0.35 0.025 

0.20 0.030 

0.13 0.035 

0.08 0.040 

0.06 0.045 


The values for x = 0.020 to x = 0.040 are of the order of magnitude usually 
encountered in sedimentation equilibrium experiments. It would be dif¬ 
ficult, but probably not impossible, to devise an optical system to measure 
this very steep type of gradient. Furthermore, electrical end effects would 
have to be eliminated, either by the use of thin transparent diaphragms at 
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the ends of the solution cell, the ends being further filled with a suitable 
liquid, or by the use of transparent solid endpieces of nearly the same di¬ 
electric constant as the solution. Knowing d/ts/dcj, the method could be 
used to measure atP directly, or vice versa. One difficulty is that of finding 
poleu polymers which will dissolve in nonpolar solvents. This difficulty 
might be met by the use of solvents which have polar groups, but which also 
have low dielectric constants. Dioxane, of course, is such a solvent. In 
this case 02 would now probably be concentration dependent. 

This work was supported by the Office of Naval Research, Contract N8onr-76300. 
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Mechanism of the Heat Bodying of Linseed Oil 

The conclusion of Maschka and Meiidl,® from their study of heat bodying 
of linseed oil, that their results are explained by the assumption of the for¬ 
mation of an intrapolymer has previously been suggested^-*; unfortunately, 
the authors had very little new evidence in support of this hypothesis. 

Some confusion exists in the literature in the use of the word “intra¬ 
polymer,” the term being used to describe the product formed on cyclizing 
a fatty ester group in a glyceride structure. Some investigators® have 
even suggested iatrapolymeric methyl esters. Since there is no evidence 
that the cyclic group adds to other glycerides, there is no justification for 
the use of the term “polymer” for such materials. The material formed 
by combination of two fatty ester groups in the same glyceride is con¬ 
sidered here as the intrapolymer, and the designation can be defended be¬ 
cause polymerization occurs by ester interchange with other glyceride 
molecules. 

It should be pointed out that the formation of such an intrapolymer has 
not been generally accepted for a number of reasons, partly on account of 
steric considerations* and because the intrapolymer has not been regarded 
as necessary* to account for the rapid increase in viscosity with a small de¬ 
crease in io^ne number. The first objection does not seem to be tenable, 
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mace x-ray examination of crystalline glycerides heis indicated a “tuning 
fork” arrangement of the glycerides which should be favorable to intra- 
polymer formation. 

Maschka and Mendl* state that the formation of stand oil is not amen¬ 
able to kinetic study, for quantitative data on many of the reactions in¬ 
volved are not available. However, the heat bodying of oils may be com¬ 
pared to polyester formation from a mixture of mono-, di-, and tri-basic 
acids, with possibly a small amount of acids of even higher functionality. 
Paschke and Wheeler’ have shown that dimeric esters are formed early in 
the reaction, and trimeric esters are formed as the polymerization proceeds. 



Fig. 1. Glycsol dilinoleate. 


In such polyester systems, particularly as functionality increases, a very 
rapid increase in viscosity can occur without any great amount of reaction. 

The increase in viscosity of glycol linoleate^ as esterification proceeds is 
probably a good model for heat bodying, since dilinoleic acid is typical of 
the dimeric acids formed in the heat bodying. It will be seen (Fig. 1) that 
a large increase in viscosity occurs between 85 and 90% reaction. If glyc¬ 
erol were used in place of glycol, the upsweep would be even more promi¬ 
nent. 

While the viscosity-iodine value relationship does not provide conclu¬ 
sive proof of the formation of an intrapolymer, the change of physical 
properties affords somewhat better evidence. Density, specific refraction, 
hydrogen absorption, and heat of combustion all follow a pattern that indi- 
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cates the formation of an intrapolymer. The results indicate that about 
half of the groups polymerizing are in the intrapolymer. 

Further confirmation of intrapolymer formation should result from iso¬ 
lation of the intrapolymer by heat polymerization of a dilinolein in dilute 
solution.® A sample of linseed oil polymerized in solution^ was found to 
have much lower viscosity but to have the same iodine value as linseed oil 
polymerized in bulk under the same conditions. 
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Peroxide^Catalyzed Polymerization of Isopropenyl Acetate* 

Hart and Smets^ have recently reported on the bulk polymerization of 
isopropenyl ac^elate in the presence of benzoyl peroxide. Similar work had 
been carried out in our laboratories, prior to their publication, and tends 
to confirm the observations regarding the similarity of the polymerization 
of this monomer with the polymerization of allyl acetate. 

Polymerizations carried out at 80°C. with 2.01 and 4.95% by weight of 
benzoyl peroxide indicate that, as in the case of allyl acetate,^ the decom¬ 
position of peroxide is first order but the rate increases with increasing 
initial catalyst concentration. The linear relationship observed in a plot 
of the disappearance of monomer as a function of the disappearance of 
peroxide in a given polymerization, i.e., dMJdP = constant, characteristic 
of “degradative chain transfer,”^ is also dependent upon initial catalyst 
concentration. This concentration dependence can be attributed to in¬ 
duced decomposition of benzoyl peroxide.® The similarity of the polymer- 

* Taken from the dissertation submitted by N. G. Gaylord in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, Polytechnic Institute of Brooklyn, 
June, 1950. 
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ization oi isopropenyl acetate to that of allyl acetate is seen in Table I, 
wh^in the constants di)tained in our work with both monomers are snm- 
marized. 


TABLE I 

SuiouRY OF Constants in Polymerization of Allyl Acetate and 
Isopropenyl Acetate by Benzoyl Peroxide at 80 * 0.1 “C. 



Allyl 

•ofitoie 

Iioiiropeiiyl aoetoto 

Initial weight per cent peroxide... 

2.OS 

4.94 

2.01 

4.95 

Peroxide, moles/kg. 

0.0845 

0.204 

0.0830 

0.205 

ku hr.”* (dec. of BziOt). 

0.193 

0.203 

0.200 

0.235 

DP. 

12.2 

12.6 

12.6 

12.4 

Per cent conversion (48 hrs.). 

26.1 

46.1 

27.1 

48.9 

dM/dP . 

25.5 

20.8 

25.1 

18.6 


The monomer concentration in allyl acetate was determined by bromina- 
tion of the allyl alcohol resulting from alkaline saponification of the residual 
ester/ while in isopropenyl acetate the monomer concentration was de¬ 
termined by difference, after removal of residual monomer at room temper¬ 
ature, under vacuum, to constant weight. The peroxide concentration in 
allyl acetate was determined by iodometric titration in acid solution after 
ad^tion of potassium iodide,* while peroxide in isopropenyl acetate was 
determined by the procedure of Si^a* involving back titration of arsenious 
oxide with iodine. Molecular weights were determined cryoscopically. 
Although the comparability of the results may be open to question, it is 
felt that the smallness of the possible error makes comparison feasible. 

The implications of these results will be discussed in a forthcoming publication. 
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Molecular Configuration and Thermodynamic Parameters 
from Intrinsic Viscosities* 

In previous publications^*^ we pointed out that the intrinsic viscosity of a 
polymer in solution should be proportional to the ratio of the volume oc¬ 
cupied by the molecule to the molecular weight M throughout the molecular 
weight range ordinarily of interest. As a convenient measure of the vol¬ 
ume of a ^lymer molecule one may take the cube of the root-mean-square 
distance (r*) from begitming to end of the chain. In the absence of inter¬ 
actions ofJthe segments with their environment, this distance, then desig¬ 
nated as is proportional to the square root of the chain length, from 
which it follows that the intrinsic viscosity [ri] under such conditions should 
be proportional to In general, as the combined result of long range 

interactions between segments (the “volume filling” effect) and of segment- 
solvent interaction, the molecular dimensions will be increased appreci¬ 
ably.^** Consequently, it is appropriate to write: 

M = a:m%* (1) 

where a = represents the linear expansion factor arising from the 

above-mentioned interactions,*** and: 

K = (2) 

where ^ is a constant which should be the same for all polymers irrespective 
of the solvent.^ According to the theory of Kirkwood and Riseman,* ^ ^ 
3.6 X 10^*.* 

The interaction of the chain segments with their environment may be 
treated as a mixing problem which leads to:* 

a* - a* = 2 ^iCa/(1 - e/T)M'^* (3) 

where is an entropy of dilution factor**^ (equal to V 2 according to the 
simple lattice treatment®*^), 0 represents the temperature at which the 
second virial coefficient vanishes for the given solvent-polymer pair, 2 ***®*^ 
and: 

Cm = (27/2‘''v’/'N)(»Vvi)(M/;5)*/‘ 

= 1.4 X 10-«(SVvi)($/A') (4)* 

where N is Avogadro’s number and v and Vi are the partial specific volume 
of the polymer and the molar volume of the solvent, respectively. The heat 
of dilution parameter ki = BVi/RT does not appear in (3) but is given by 
#ci « e^i/T. 

Intrinsic viscosities of polyisobutylenes covering a wide molecular weight 
range* and measured with unusual precision as functions of temperature in 
a wide variety of solvents* are in quantitative agreement with equations 

* This investigation was carried out at Cornell University in connection with the 
Gk>vernment Research Program on Synthetic Rubber under contract with the Office of 
Rubber Reserve, Reconstruction Finance Corporation. 
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(1) and (3). The value of K was found to be independent of the solvent 
and of molecular weight as required by theory. Preliminary measurements 
on polystyrene,® supplemented with other data published recently, 
also confirm the above relationships. In fact, no deviations from the theory 
which exceed experimental error have yet been observed in any instance, 
except at quite low molecular weights. We wish to call attention to the ap¬ 
parent general validity of the above relations and to indicate preferred 
procedures for their use. 

Ordinarily it is advantageous to begin with the determination of the in¬ 
trinsic viscosity in a poor solvent at the absolute temperature 7 = 0. 
0 is conveniently established by plotting the critical miscibility temperatures 
for several fractions against and finding the intercept, which equals 

0 .®'^ At 7 = 0 , a = 1 according to equation (3), and K is readily calcu¬ 
lated from [ 77 ] if M is known. If similar determinations are carried out in 
other poor solvents having suitably different 0 values, K may be obtained 
as a function of T. If this procedure is adopted the molecular weight of 
only one fraction is required; those of all other samples may, in principle 
at least, be calculated from their intrinsic viscosities at 7 = 0 and the 
value of K. If intrinsic viscosity measurements in a poor solvent at 7 = 
0 are impractical, as may be true if the melting point of the polymer is 
high, K may be ascertained from the intercept of a plot of 
against M/[rf] using measurements made in a given solvent at a fixed 
temperature.® High accuracy over a wide mohiciilar weight range is re¬ 
quired for the successful application of this method. Having established 
K, the value of a may be calculated from the intrinsic visiosity in any 
solvent. The slopes and intercepts of linear plots of (AV/Ao)(a® — a^)/h'V^^ 
against 1/7 lead to and 0 for the polymer in each solvent. The ratio 
(Kt/Kq) of K at temperature T to its value at a reh^rence tcunperature To 
is introduced in view of the slight temperature dependence of Ca/, which, 
according to equation (4), is inversely related to the temperature coef¬ 
ficient of K. _ _ 

Eliminating K from equations (1) and (2) and recalling that r® = aVJ: 

4 . - (5) 

which suggests at once a means for establishing the value of the universal 
intrinsic viscosity constant Thus, the values of r® deduced from meas¬ 
urements of the angular dissymmetry of light scattering by Zirnrn and co- 
workers^® for polystyrenes of various molecular weights in several solvents, 
in conjunction with intrinsic viscosities in the same solvents, yield 4> = 
2.1 X 10®^® A similar value is indicated® by results of Kunst^^ on polyiso¬ 
butylene solutions. Accurate assignment of the proper value for is of 
the utmost importance, for it then becomes possible to calculate r® from 
[rj] and M. Knowledge of permits also the calculation of the important 
ratio ^/M from K; the influence of hindrance to free rotation on chain di¬ 
mensions is readily computed from rl/M.^ In Table I are given values of 
K for several polymers obtained from recent inve^igations. For both 
polyisobutylene® and polystyrene,® K, and therefore rJ/M as well, appears 
to decrease gradually with increase in temperature (see Table I) indicating 
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that barriers to free rotation are preferentially overcome in the direction 
of less extended configurations as the temperature is raised. 


TABLE I 

Values of K and Calculated Dimensions of the Randomly Coiled 
Polymer Chains Unperturbed by Thermodynamic Interactions 


Polymer 

r, ®C. 

K X 10* 

(rg/M) X 10» 

rg/rg (free rot.)' 

Pol yisobut ylene ® 

25 

10.6 

6.32 

1.93 

100 

9.3 

5.80 

1.85 

Polystyrene® 

34 

8.0 

5 25 

2.40 

70 

7.3 

4 24 

2 32 

Polymethyl methacrylate^ 

31.5 

6.5 

4.6 

2.20 


“ ro (free rotation) = r* calculated assuming free rotation from the bond length 
(1.54 A.) and the fixed bond angle (109.5®). 

^ This value of K was obtained by a measurement of [» 7 ] for a polymethyl methacry¬ 
late fraction of M =* 8.7 X 10® in di-n-propyl ketone at 7’ — B = 31.5 °C. 

Assuming tentatively that the theoretical expression (4) is exact. Cm 
may be computed from /f,/M obtained in the above manner. and xi 
may then be comput(?d from ypiCm and 0. Values of thus obtained are 
less than V 2 in all cases investigated thus far and are variable from one 
solvent to another over a tenfold range. These parameters should be inde¬ 
pendently determined from thermodynamic measurements in the future. 

We believe that the procedures outlined above afford a simple and effec¬ 
tive means for the investigation of both polymer chain configuration and 
the thermodynamics of polymer-sol vent interaction. With respect to the 
former, the intrinsic viscosity procedure offers the advantage of greater 
sensitivity than other methods since it depends on the volume occupied 
by the polymer chain rather than on its linear dimension. 
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REVIEW 

The Terpenes. YoL II. The DicycUc Terpenes and Their Deriva* 
lives. J. L. SiMONSEN. Second Edition, revised by Sir John Simonsen 
and L. N. Owen, Cambridge Univ. Press, New York, 1949. 631 pp., $8.50. 

Seventeen ye^ have passed since the appearance of the first edition of this volume. 
In this interim the rapid growth of the literature of the dicyclic terpenes has influenced 
the authors to limit the new edition by relegating the sesquiterpenes to a third volume 
yet to appear. The third volume is also to include the chemistry of the diterpenes. Pub¬ 
lished work on the dicyclic terpenes is covered to the end of 1947 with some references to 
papers appearing in 1948. 

The contents are divided into six chapters, each of which is appropriated to one of the 
parent hydrocarbons, thujane, carane, pinane, santene, camphane and isocamphane, 
fenchane and isobornylane. Each chapter is subdivided into ^tions dealing first with 
the parent hydrocarbon and its olefinic derivatives and then with the related alcohols, 
aldehydes and ketones. These sections include a detailed discussion of properties, both 
chemical and physical, reactions, degradative studies, and syntheses. Considerable 
space has been allotted to structural proofs inasmuch as the arguments involved are fre¬ 
quently complicated and manifold. Each section is liberally supplied with structural and 
reaction flow diagrams. An author and subject index completes the volume. 

There are few fields in organic chemistry which have received the attention of as much 
talent and expenditure of effort as has terpene chemistry. The authors have done this 
work full justice by basing the development of structural elucidation upon the classical 
researches of Seminler, Wallach, and their contemporaries and by completely document¬ 
ing all papers relevant to the subject. Indeed, the major value of the volume lies in its 
comprehensive treatment of the dicyclic terpenes and in its references to the original lit¬ 
erature. The reader may confidently use the new edition as a guide to the literature 
prior to 1948. 

There is a welcome, though small, extension of the paragraphs on terpenic rearrange¬ 
ments under the pinane heading. Since facile rearrangement is one of the most impor¬ 
tant characteristics of the dicyclic terpenes, this aspect would seem to merit a more de¬ 
tailed discussion than it has received. One error in structural representation has come 
to the reviewer's attention. On page 208, stereochemical forms la and Ib intended for 
pinocampheol and neopinocampheol, respectively, should be interchanged— cf, Schmidt, 
Her., 77, 544 (1944). 

This new edition is recommended to the polymer chemist on the same grounds as it 
would be recommended to other chemists. It is a sound, accurate work containing an 
immense variety of interesting and stimulating chemistry. Although the subject matter 
pertains to dicyclic terpenes, the many reactions encountered will be of use in other fields 
as well. 

Harold H. Zeiss 


Errata: Mechanism of Emulsion Polymerizations. IV. Kinetics 
of Polymerization of Styrene in Water and Detergent Solutions 

(J. Polymer Scl, 5, S22-23, 487-504, 1950) 
by F. A. BOVEY and I. M. KOLTHOFF, School of Chemistry, University of Minnesota 

Page S23, lines 8~9 should read: d(R)/dl (40^) » 3.08 X 10~* mcde/liter/hour 

d(R) /dt (50*)- 14.1 X 10-» mole/liter/hour 

Page 502, last sentence before ''Discussion’* should read: 

’‘This is in reasonable agreement with the value of 33,000 cal. 
per mole deduced from quinone induction periods." 
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Dynamic Mechanical Properties of Kubberlike Materials. By A. W. 

Nolle. 


lilxperirnental results are presented for the complex dynamic Young’s modulus of 
rubberlike materials in the frequen<!y range 10to 10*^ c.ycles per second and in a tem¬ 
perature range whose widest limits are —60 ° and -f 100 ®C. The real part of the modulus 
varies significantly with frequency over at least six decades, and increases with increasing 
frequency or with decreasing temperature. The imaginary part of the modulus is large 
in those parts of the temperature-frequency plane where the real part has a large gradi¬ 
ent, and in some eoin})ounds reaches values larger than the real part. The liehavior of 
the reciprocal modulus, or compliance, with respect to temperature and frequency is 
(pialitalively lh<* same as that of the dielectric cxmslant of polar dielectrics having a wide 
range of dispersion. The most extensive^ measurements supporting these conclusions are 
perform<‘d on buna-N vulcanizates. 

At very low frequencies the real part of the dynamic modulus is proportional to the 
absolute temperature as required by the kinetic theory of rubberlike elasticity. At a 
higher frequency, representing the onset of dispersion, the reverse temperature effect 
sets in. The frequency of the transition is of the order of 100 cps. for natural rubber and 
1 cps. for butyl rubber. 

The stiffening of rublnjr with decreasing temperature, sometimes regarded as evidence 
of a second-order transition, becomes progressively less abrupt with increasing frequency. 
It therefore appears that the “second-order” transition as observed at the higher fre- 
quoncias is actually a relaxation rate effect. At very low frequencies there exists a tem¬ 
perature transition of the modulus whose form is almost independent of frequency and 
which is not necessarily a conlinuation of the relaxation stiffening found at higher fre¬ 
quencies. 

The Cole arc in the complex plane is found to be an approximate representation of 
dynamic compliance data. Static deformation of the sample up to 50% elongation in¬ 
fluences the dynamic modulus by a far/or smaller than two in most cases, but the effect 
is seldom negligible. The presence or absence of vulcanization does not affect the high- 
frequency dynamic modulus critically; thus the increase of the real modulus with in¬ 
creasing frequency must be due in part to intermolecular relaxation hindrances which 
at sufficiently high frequency are equivalent to vulcanization bonds. 

Data for buna-N, butyl, GR-S, neoprene, and natural rubber are compared. In the 
audiofrequency range, natural rubber has the smallest loss angle, while buna-N and butyl 
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rubbers have the largest loss angles. As an aHemate expression of the results, an ap¬ 
proximate method is used to find a relaxatk>n spectrum for a buna-N vulcanisate. The 
spectrum extends over at least six decades, but its extremes cannot be delineated with 
present data. 

Activation energies for the molecular flow processes figuring in dynamic deformation 
are calculfited by an approximate method from data for buna-N and natural rubbers. 
Values of approximately 30 and 10 kcal./mole, respectively, are found. These large 
activation energies suggest that the important relaxation effects in the frequency range 
of the present work arise from hindrances opposing motion of molecular segments com¬ 
posed of several monomer units rather than from hindered rotation about C—C bonds. 
Received March f, 19^, 


Molecular Weight Investigations of High Polymers with the Elec¬ 
tron Microscope. By B. M. Siegel, D. H. Johnson, and H. Mark. 

The electron microscope has been used to estimate the molecular weights of four poly¬ 
styrene fractions which had molecular weights of 4.8 X 10®, 1.1 X 10®, 1.8 X 10®, and 2.5 
X 10® as determined by osmotic pressure and viscosity. Dilute solutions (^^1 p.p.m.) 
of them in cyclohexane were dej)osiled onto collodion substrates in minute droplets of 
approximately 2 microns radius. Shadow-casting with 3 A. of uranium gave the neces¬ 
sary contrast for observing the dispersion of the single spheroidal particles obtained by 
this method of deposition. Assuming that the particles were single molecules and that 
their density could be taken for a first approximation as the density of bulk polystyrene, 
the molecular weights obtained were 6.0 X 10®, 9.9 X 10®, 1.9 X 10®, and 2.5 X 10®, 
which agrees within the limits of error with the osmotic pit'ssure and viscosity values. 
The electron microscope should thus provide a useful metht)d for characterizing macro- 
molecules whose weight is greater than one million. Received December /, 19^sS, 


Copolym^risation de PAnhydride Mal^ique avec Differents 
Monomeres Vinyliqufes. By M. C. DB Wilde and G. Smets. 

The copolymerization of maleic anhydride with various vinyl compounds, namely, 
methyl methacrylate, methyl acrylate, vinyl chloride, vinyl acetate and isopropenyl 
acetate, was studied. The rate constants ratios ri and r 2 were determined in each case. 
The oopolymerization with monomers, containing an electron-rich double bond, are char¬ 
acterized by high selectivity. In these cases the results are not completely interpreted 
by the scheme of Alfrey and Price. Received January 3, 19^t9. 


Ultraviolet Absorption Spectra of Actomysin. I. By E. Sghauen* 
STEIN and E. Treiber. 


The method of ultraviolet absorption spectrography is ajlplied to high-molecular 
fibrous proteins. Measured under various conditions (swelling, change of pH, stretching, 
etc.), the spectrogram pernuts—apart from a quantitative analysis of the aromatic 
amino acids—new conclusions regarding the structure and the physicochemical and 
biological properties of the protein. Received January 4, f949. 
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Denaturation of Plant Proteins* III. Optical Rotation, Viscosity, 
and Reducing Capacity of Denatured Proteins. By B. Jirgensons. 

The optical rotation of native legumin and legumin denatured by heat, acetic acid, 
alkali, propyl alcohol, sodium salicylate, and sodium dodecylbenzenesulfonate has been 
investigated. It has been found that all the mentioned agents, except heating, cause a 
rise of rotatory power of legumin. The rotation angle of native legumin is constant in 
a pH range of 5.2-8.0 but increases in acid and alkaline solutions. Under the influence 
of a higher concentration of alkali, legumin is strongly denatured, and, after neutralizing 
and dialysis, becomes insoluble in 10% NaCl. The changes in rotatory power of legumin 
have been compared with the corresponding chaTiges in reducing capacity, as estimated 
by titration with iodine, and with the viscosity. There is no change of reducing capacity 
on heating almost neutral solutions up to 90°, or upon treatment with propyl alcohol, 
or 40-50% acetic acid. However, the viscosity in all of the mentioned cases of legumin 
treated in this manner is somewhat higher than the viscosity of native legumin. Heating 
of dry legumin for three hours at 100-105° causes only a slight denaturation, but after 
heating for three hours at 115 °, legumin becomes insoluble in 10% NaCl. The solutions 
of legumin in propyl alcohol-water-salt mixtures show only a transitory increase of rota¬ 
tion; after several hours the rotation angle decreases to the normal value of native pro¬ 
tein. The rotation angle of legumin in solutions containing 40 volume per cent acetic 
acid and a suit with polyvalent cation increases with time; just after admixing of the 
salt the viscosity of these solutions decreases, but, gradually, gelatination occurs and 
the viscosity increases far alx^ve the initial value. The dependence of optical rotation 
on pH for legumin and tuljerin, which have been denatured by sodium dodecylbenzene¬ 
sulfonate or sodium salicylate, was investigated. It was found that in acid solutions 
the negative rotation angle decreases with growing hydrogen ion concentration; in 
alkaline solutions the rotation angle increases but little with a rising pH. Mildly de- 
aminated legumin has almost the same rotatory power and the same dependence of 
s{)eciiic rotation on pi I as legumin itself. Deaminated legumin dissolves in detergent 
solution and the specific rotation of these solutions has a somewhat different dependence 
on pll than the corresponding solutions of legumin. Received January 4, i9U9, 


Mechanical Behavior of Viscoelastic Substances. By R. Sips. 

Making use of a generalized Maxw ell model or, alternatively, of Boltzmann’s principle 
of linear superposition, we derive a general relation between force and deformation for a 
linear sample of a viscoelastic substance. This relation contains, as only experimental 
data, the relaxation function. Using this relation, we show how to predict all the usual 
properties, and particularly creep and recovery. The relation between the creep and 
relaxation functions can be expressed as a linear integral equation of the Voltcrra type. 
We give several methods of solution of this equation and we apply one of them to an ex¬ 
perimental case, that of polyisobutylene. The calculated and observed values of the 
creep function agree remarkably well Received January 7 , i9U9, 


Vitesse dc Polymerisation et de Copolymerisation de PAcetate 
d’Isoprop6nyle. By R. Hart and G. Smets. 

In the presence of benzoyl peroxide, isopropenyl acetate polymerizes like allyl acetate. 
Its behavior during the copolymerization with vinyl acetate, vinyl chloride, and methyl 
methacrylate indicates that this monomer has about the same general reactivity as vinyl 
acetate; the negative character of the double bond is more pronounced (—0.8). An 
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important chain transfer, due to the presence of isopropenyl acetate, occurs during 
these copolymerizations. Toward styrene, isopropenyl acetate acts as a solvent; there 
is no oopolymerization, and also no chain transfer. Received February 20, 19^9. 


Nitrocellulose-Solvent Interaction. By W. R. Moore. 

The interaction of fibrous nitrocellulose and solvents has been studied l)y riieans of 
absorption of solvent from solvent-hexane mixtures, by swelling and solution in such 
mixtures, by precipitation from solution by hexane, and by viscosity measurements. 
Absorption and swelling results suggest that size of solvent molecules is important in 
determining entry into amorphous or crystalline regions of the fii>er. Swelling, viscosity, 
and precipitation results indicate a relationship between interacticui and cohesive energy 
density of solvent. It is suggested that current theories of fK)lymer-8olvent interaction, 
applicable where heat is absorbed in mixing, may also apply to the interaction of sol¬ 
vated nitrocellulose and solvent. Received February 21, 19^49. 


Studies on the Rate of the Emulsion Polymerisation of Butadiene- 
Styrene (75:25) as a Function of the Amount and Kind of Emulsifier 
Used. 1. Polymerizations with Commercial and Pure Soaps. By 
C. W. Carr, I. M. Kolthoff, E. J. Meehan, and R. ,1. Stenberg. 

The alkali soaps of the fatty acids, stearic, palmitic, and oleic, all pnaluce the same 
rate of conversion when used as emulsifiers in the GR-S recipe. Linolejite in the soap 
causes serious retardation. All commercial soaps free of linoleate gave the same rate of 
conversion as the pure soaps. Tocopherol and lecithin in amounts likely to be found in 
commercial soaps have no effect on the rate of polymerization. In larger (‘oncentrations, 
t(XX)pherol acts as an inhibitor, causing a typical induction iKTiod. Cfuiversion data are 
given with the use of polymer soaps instead of fatty acid soaps. Received March 

m9. 


Studies on the Rale of the Emulsion Polymerization of Butadiene- 
Styrene (75:25) as a Function of the Amount and Kind of Emulsifier 
Used. II. Polymerizations with Fatty Acid Soaps, Rosin Soaps 
and Various Synthetic Emulsifiers. By C. W. Carr, I. M. Kolthoff, 
E. J. Meehan, and D. E. Williams. 


Fatty acid soaps containing 16 or 18 carbon atoms produce the same rate of conver¬ 
sion when used as emulsifiers in the GR-S recipe. With inyristate, laurate, and caprate 
the initial rate of conversion becomes progressively lower. After about 20% conversion 
the further rate approaches that with the Cie and Cjg soaps. Conversion data are given 
with the use of various commercial emulsifiers, disproj^ortionated rosin soaps, and pure 
components of rosin soaps including sodium tetrahydroabietate, sodium dehydroabietate 
and sodium dihydroabietate. Received March 28, 1949. 


Monomer-Polymer Ratio in Emulsion Polymerization of Styrene. 
By S. H. Herzfeld, A. Roginsky, M. L. Corrin, and W. D. Harkins. 


Values are presented for the monomer-polymer ratio in the emulsion polymerization 
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of styrene at 35 and 40.7 ®C. and for varying soap concentrations. Two experimental 
methods were employed; the experimental techniques are described in detail. The 
monomer-polymer ratios re|K)rted are presumably not equilibrium values but represent 
an attempt to obtain dyiiuniif; values of the ratio as occurring during polymerization. 
Whether these values as reported are in reasonable approximation to the dynamic values 
is uncertain. In agreement with the thetiry of emulsion polymerization presented by 
Harkins it is found that a large amount of monomer is dissolved in the monomer—polymer 
particles. It is further shown that the monomer-polymer ratio decreases with increas¬ 
ing yield. The data presented do not allow a <!orrelation between the variation of the 
monomer-polymer ratio with yield and the soap concentration. Reed. March 31, 19^9. 


General Theory of Mechanism of Emulsion Polymerization. II. 
By W. D. Harkins. 


In emulsion |K>lymeri/ation the system begins with the monomer present as droplets 
surrounded by a monolayer of soap. The monomer diffuses through the water into the 
internal hydrocarbon part of soap micelles, which usually contain 40 to 100 soap mole¬ 
cules. If the catalyst or chain initiator is in the water, small free radicals are formed. 
Many of these enter iniwlles, where they grow before termination in about a thousandth 
of a stH'ond. Much of this growth occurs by extension of the free radicals into (he water. 
1 ’his process continues until all micellar sc»ap disappears by adsorption of soap on the 
monomer-polymer purti<4es, which an* formed by diffusion of monomer into the polymer 
particles thus formed. Almost all of the polymer is produced by polymerization of the 
monomer in these particles. Received March 31, 19^i9. 


Method of .Measuring Molecular Weight Distribution. By F, W. 
BnxMKYKR, Jr., and W. H. Sto(.km\ykr. 

Based upon the suggestion of Spenci‘r, a method for estimating the breadth of the 
molmilar weight distribution of a high polymer has been devised: a polymer solution is 
divided into aliquots and part of the polymer in eac'h alicpiot is precipitated with non- 
s<»l\ent so that the range from complete solution to (complete precipitation is covered. 
'Fhe mass and weight-a verag<‘ molecular weight of each precipitate is measured. From 
these data the distribution brt‘adth is estimated in terms of a parameter ll representing 
the departure of the distribution from that of a single molecular species. In tin* theoret¬ 
ical section, // is related to other parameters of distribution breadth, such as 
for some w'cll-know'n analytical distribution functions. A number ol experiments with 
[>olymethyl inethacr> lutes are described and the results are discussed with reference to 
polymerization kinetics. Determinatitms of osmotic pressure and light scattering have 
b<*en made to evaluate directl> M„/M,u The valiH's (x)mt)are fav'orably with Mw/Mn 
estimated from ff, Errors in Iwith the theoretical and exp<‘riinental treatments are dis¬ 
cussed. Received April 1, 19^49 


Quantitative Investigations of X-Ray Diffraction by ‘‘Amorphous’ 
Polymers and Some Other Noncrystalline Substances. By P. IT. 
Hermans and A. ‘Weidinger. 

Radial intensity distribution curves of isotropic monochromatic x-ray exposures of 
various noncrystalliiie and partly crystalline tx>lymers are quantitatively evaluated, 
ccirrectcid for incoherent radiation, and rediu*ed to standard conditions of intensity and 
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irradiated mass. It is shown that the intensity distribution curves thus reduced actually 
show constant integrated intensity within experimental error, irrespective of the atomic 
composition of the polymer. Amorphous cellulose is indicated to exhibit by far the 
largest degree of disordering of all polymers investigated. It is siiggested that, in poly¬ 
mers oonsisting of no other elements than C, H, 0, and N, the occurrence of a coherent 
background intensity in the range of diffraction angles of 35*^ and upward is indicative 
of hydrogen bonding in the noncrystalline portion. The coherent background in this 
region is of zero intensity in polymers where no hydrogen bonding is possible. Water, 
being a substance rich in hydrogen bonds, shows considerable intensity in the relevant 
region. In halogen-containing polymers, detection of hydrogen bonding in this way is 
impossible, owing to intermolecular interferences between halogen atoms of adjacent 
molecules which give rise to a background intensity in the same angular region. Received 
April?, ms. 


Potassium Ferricyanide-Diazothio Ether-Mercaptan Recipe for 
Emulsion Polymerization of Butadiene and Styrene. IL Effect 
of Some Chemical Variables. By I. M. Kolthoff and W. J. Dale. 

MDN added to latices of various conversions prepared by a ferricyanide-'U-DDM 
recipe greatly increases the further rate of polymerization. The effect of different 
amounts of fatty acid soap in the MDN-ferricyanide-/eri-dodecyl mercaptan recipe in 
the time-oonversion curve is reported. The rate of conversion found with the MDN- 
ferricyanide recipe decreases greatly with decreasing amounts of mercaptan. Use or 
Aerosol AY and di-^r/-butylnaphthalene sulfonate, respectively, instead of fatty acid 
soap in the recipe results in satisfactory rates of conversions. Several diazothio ethers 
as substitutes for MDN in the recipe have been investigated. p-Methylphenyldiazothio 
(2-naphthyl) ether gives an attractive time-conversion curve. Received April 8, i9^i9. 


Unidirectional Nature of the Large Periodic Structure of Collagen 
Fibrils. By 0. E. A. Bolduan and R. S, Bear. 

Small-angle x-ray diffraction patterns of collagen specimens (kangaroo tail tendon) 
were obtained with pinhole and slit cameras capable of resolving very large spacings (800 
to 1400 A.). The diffraction effects were examined with respect to layer-line shapes 
(lengths) and relative to the displacement of line positions and the persistence of dif¬ 
fraction intensities when the fibers were tilted from the usual normal incidence of the 
beam. In these respects dry specimens showed the diffraction behavior characterizing 
systems with less than three-dimensional periodic structure. Since only a single set of 
meridional diffractions could be observed, the dry collagen fibrils were concluded to 
possess only unidirectional (longitudinal) periodic structure and to lack regular order 
transversely. The same was found true of moist fibrils, except that these diffract co¬ 
herently over a significantly larger cross-sectional area. Several peculiar observations 
indicated qualitatively that the dry fibrils do not diffract coherently over the same effec¬ 
tive portions of their cross sections to all diffraction layer lines. Received April 18,19^9. 


Viscosity and Sedimentation of Linear Macromolecules with Par¬ 
tial Solvent Immobilization. By Anton Peterlin, 


Various formulas set up for viscosity and sedimentation of linear macromolecules 
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that take into account the hydrodynamical interaction are compared and their exten¬ 
sive agreement is stated. In practice the simplest formulas will be of greatest service. 
By plotting the observed [«] and M/ [17] values against the square root of the molecular 
weight, straight lines are obtained. The slope yields the effective length of the mole¬ 
cule. The respective formulas are given and applied to various polymers. Received 
April 19, m9. 


Influence of Structure of Elastomers on Their Permeability to 
Gases. By G. J. van Amerongen. 


The subject of this study was the effect of the structure of rubberlike polymers upon 
the permeability, diffusivity, and solubility with a series of gases. It was found that 
butadiene-acrylonitrile copolymers lose much of their diffusivity and permeability with 
increasing nitrile content. The presence of methyl groups in the polymer molecules 
likewise usually reduces diffusivity and permeability. The knowledge gained enabled 
us to synthesize an isoprene-acrylonitrile copolymer which, besides possessing rubberlike 
properties, allows very little gas to permeate. The relationship l)etween rate of diffusion 
and temperature gave the energy of activation E for diffusion. Greater energy of activa¬ 
tion for a given gas in a series of rubbers always prf>duces a lower rate of diffusion. The 
energy of activation E is shown to be greater in proportion to greater cohesive forces 
between the rubber molecules and to the larger size of the gas molecules. Measurements 
taken within a wide range of temperature ( — 18 to 100 ®C.) make it clear that the activa¬ 
tion energy is a function of the temperature, and an experimental equation is presented 
to dest'Tibe this. The dependence of E upon the temperature is demonstrably compatible 
with Barrer’s zone theory as also with Eyring’s transition state theory for diffusion. 
The At constant for several systems of gas and rubber is derived by calculation from the 
solubility of the gas. The heat of solution is derived from the dependence of the solu¬ 
bility of the gas in rubber upon the temperature. This heat of solution consists mainly 
of heat of mixing in the case of gases which condense with difficulty; compared with 
this the heat of condensation of the gas to the liquid phase is slight. Received April 25, 
i9U9. 


Optische Anisotropic und Form von Fadenmolekiilen. I. De- 
polarisationsgrad der Lichtzerstreuung von Losungen mit Faden- 
molekiilen. By A. Peterlin and H. A. Stuart. 

The degree of depolarization in molecular light scattering experiments in the case of 
statistical coiled linear molecules is calculated as a function of the degree of polymeriza¬ 
tion, and the limits of the validity of the theory are discussed. Received April 25, 19^9. 


Optische Anisotropic und Form von Fadenmolekiilen. II. Kiinst- 
liche Doppelbrechung. By A. Peterlin and H. A. Stuart. 

The relations ei^ting between the electric, magnetic, and streaming birefringen^ of 
linear molecular solutions are given as functions of the degree of polymerization. Some 
possibilities are discussed for the determination of the macro- and micro- form of a 
high polymeric molecule, and for the identification of branching. Finally, it is shown, 
by electric birefringence on vafKirs, that jiaraffin chains are loosely coiled molecules. 
Received April 25, 
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Photoelastic Strain Analyzer. By E. F. Smith and A. P. Wangsgabd. 

The theory and instrumentation for photoeiectrically determining “frozen in” strain 
levels is described when the thickness and strain optical constants are of such magnitude 
that the optical retardation is restricted to the less than w radians. The method is suited 
for use in an industrial laboratory and has been applied to control of planishing cycles in 
the production of transparent “Vinylite” plastic sheets. Received May 5, 19^9, 

Behavior of Polyvalent Polymeric Ions in Solution. By A. Katch- 
ALSKY, 0. KOnzle, and W. Kuhn. 

The addition of alkali to a dilute solution of polymethacrylic acid produces a strong 
increase of the intrinsic viscosity, e.g., by a factx)r 130, if 50% of the COOII groups (of a 
particular sample) are neutralized. This phenomenon, as well as related effects in 
streaming birefringence, can be interpreted as a partial or complete uncoiling of the 
filament, produced by the electrostatic action if we pass from the neutral molecule to 
the polyvalent ion. A first and a second approximation are considered for the electro¬ 
static energy of a filament as a function of the end-to-end distance h and the degree of 
ionization a. In this second approximation the assumption is made of a uniform dis¬ 
tribution of the electric charges over the polyvalent ion. An additional consideration 
shows that this assumption is somewhat inexact because of a certain concentration of the 
charges near the ends of the filament; however, it is shown that this effect leaves the 
result obtained in the second approximation, concerning the energy of the system, pnav 
tically unchanged. By use of this determination of the electrostatic energy as a function 
of h and a and by use of the Maxwell-Boltzmann principle, the distribution function 
with respect to h and thereby the partial uncoiling of the filament is determined as a 
function of the degree of ionization a .' By introducing the mean value of //, thus acces¬ 
sible, into the formulas which give the intrinsic viscosity as a function of h, expressions 
for the viscosity as a function of a are obtained. A rough but comparatively simple 
approximation for this function can Ik? developed. Tlie dependence of the intrinsic 
viscosity on a thus obtained is found to agree satisfactorily with exi)erimental values of 
the viscosities of polymethacrylic acid neutralized by addition of increasing quantities 
of alkali. Received May 5, i9U9. 


Fricdel-Crafts Copolymerization of Chloroprene-Styrene. By F. C. 
Foster. 

Relative reactivity ratios have been determined for the copolymerization of chloro- 
prene-styrene at — 18°C., catalyzed by boron trifluoride-etherate. Similar to the 
earlier findings of Alfrey, on a different copolymer system, it was found that there was 
a complete reversal of the relative reactivity of the two monomers on changing the sys¬ 
tem from a free radical type catalyst to a Friedel-Crafts type catalyst. This reversal of 
monomer reactivities enables the production of “constant composition” copolymers of 
any desired composition by a suitable choice of catalyst type. Indications are that tl)e 
cationically catalyzed copolymers produced in the present work are low molecular co¬ 
polymers. Received May P, /P4P, 


Die Lbslichkeit hochpolymerer Fadenmolekule. By Arnold Mt)N- 

STER. 


The theory of solubility of high polymer fiber molecules is developed on the basis of 
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theniiodyiiarnic and wl the static, theory of poiydisperse solutions. I'he discussion of 
the distribution equilibriuni between two non miscible solvents for tnonodisperse solu¬ 
tions results in the fonniila {<iven by G. V. Schulz as a limit at infinite dilution, while at 
a definite concentration the relation lietween distribution ratio and degree of polymeri¬ 
zation is more complicated. The examination of polydisperse solutions shows surpris- 
iiigly that in this case the relation suggested by G. V. Schulz is valuable also for definite 
concentrations. 

For the separation of a binary solution it has been shown that the critical concentration 
is located at very low concentratimis of the filler molecules and that the critical tempera¬ 
ture increases only slightly with the degree of fKilyrnerization. Assuming that the sol 
phase is practically free of fiber molecules, the separation curve is calculated and a for¬ 
mula for the degree of swelling in dependence of the temperature is given. The theory 
explains the general solubility profK*rties of high polymer substances and especially shows 
that nonsolvents, also, always have a swelling action. Such a limited swelling is there¬ 
fore not due to a net structure. For high pcilymer products the composition of the gel 
phase—in particular, the degree of swelling- is independent of the degree of polymeri¬ 
zation. The comparison of the theoretical curve of sejiaration to the experimental re¬ 
sults shows g(K>d agreement in all essential |M>int8. The extension cif the experiment to 
polydisperse solutions shows (hat the separation curve is pra(‘ticall\ independent of the 
distribution of the* degree of fKilymerization. The separation of ternary systems is first 
treated under the assumption that tla* sol phase does not contain fiber molecules. For 
a special case an entire separation diagram is calculated, which agrees very well with ex¬ 
perimental results of Hr dusted and \ olqvartz and which shows especially the tuirichment 
of precipitant in the sol phase. 'Phese results, as well as the preceding, are valid for 
|K>lydisperse solutions independentl> of the distribution of the degree of polymerization. 
Starting from the (‘ondition of eipiilibrium for dissolved fiber nuilecules, a formula for 
the weight distribution function of a precipitate is derived. This function contains a 
parameter d, which may b<* fiosithe as w'ell as negative. In the case of d < 0 the for¬ 
mula describes the usual fractionation. In the case of d > 0, re>erse order precipitation 
occurs, discovere<l by M<»rey and 'raniblyii, for which the low molecular constituents 
precipitate first. The profierties of the reverse-order prec'ifiitation sn-e de\eIof>ed from 
the theory in agreeni<*nt with the experimental results. It is shciwn that in such cases 
the fractions are highly polydisperse and overlap each otht*r. rherehire, systems with 
reverse-order pret^ipitation <*annot be u.sed to produ(‘e uniform fractions and to examine 
the distribution of the degn*e of iKilymerization in the initial product. A now' case of 
reverse-order precipitation in the system <*elhilose tiiac''*late tetrachloroetham'^-jietro- 
leuin etluM* is n»|)ort<‘d l^ereived May 


LIntersuchung einer kalalysierteii Lcinolstandolkochung unlcr 
Hcranziehuiig <ler Ultra violet tspektrographie (vergleich mit nicht- 
katalysierten Prozessen). By A. Masciika and A. Mendl. 

(/) l^^boratory .style lioilings of liiLseed oil stand oil w'ilh and w'ithout catalyst in an 
atmosphere of carlion dioxide, as well as a boiling ol linseed oil varnish and linseed oil 
stand oil varnish, are investigated. (?) Be.sides the usual charactiTistii*^ the ultraviolet 
absorption spectra of each sample* are determined and from this the amount of the inter¬ 
mediate systems with double and triple conjugated double bonds are calculated. (3) 
1 'he cxmceiitraticui curves of these intermediate products and the other characteristics 
are qualitatively in agreement for both stand oil Injilings with a teclmical process de¬ 
scribed in the literature. Of course, the catalyz€*d process takes a much quicker course. 
(4) From these results it is concluded that the siicce.ssion of rem tions described as prob¬ 
able in the literature (conjugation of ksolated double bonds intra- and intermoleculai 
polymerization, respectively, as in a diene Diels-Alder synthesis) atso occurs in the cata- 
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lyxed process. The catalyst accelerates all of the partial reactions. (5) The attempt is 
made to derive the importance of transesterification for the increase of the viscosity 
(molecular weight) from the increase of the viscosity and the decrease of the iodine 
value. Received May i9, i9^9» 


Aging of Solutions of Cellulose Nitrate. By H. Campbell and P. 
Johnson. 


Viscosity-time (aging) curves for cellulose nitrate solutions in acetone and other sol¬ 
vents are, generally, characterized by an initial rapid decrease in viscosity followed by a 
slow continuous decrease. Ultramicroscopic aggregates were not observed and struc¬ 
tural viscosity was absent throughout both aging processes. Initial rapid aging was 
absent or small in cellulose nitrates of high nitrogen content (few free hydroxyl groups), 
and in those which had been recovered from solution or treated with a small proportion 
of water in solution. Slow aging appeared to a greater or lesser degree in all cellulose 
nitrates, independently of origin or chemical treatment of the cellulose, degree or method 
of nitration, method of stabilization, concentration of solution or presence of precipi- 
tants. The rate of the slow aging process was increased by a rise in temperature but, 
owing possibly to the presence of adventitious catalytic impurities, considerable varia¬ 
tion in rate at a given temperature was observed. It is suggested that the rapid aging 
process is due to the slow breakdown of a small number of relatively weak interchain 
linkages, probably of the hydrogen bond type. The slow aging probably represents 
the breakdown of the main chain glucosidic linkages. Received June f4, 


Inhibiting Effect of Small Amounts of Acrylonitrile on Polymeriza¬ 
tion of Vinyl Acetate. By W. R. Conn and H. T. Neher. 

Small amounts of acrylonitrile inhibit the emulsion polyfnerization of vinyl acetate. 
Ijarger amounts merely retard the reaction and the retarding effect is inversely propf^r- 
tional to the amount of nitrile present, so that at around 40% nitrile content, the mix¬ 
ture jx)lymerizes at about the same rate as vinyl acetate alone. In sr>lutiou polymeriza¬ 
tion, the retarding effect of small amounts of acrylonitrile is directly proportional to the 
amount present. With mixtures of the two monr)mer8 in emulsion, the polymerization 
of lx>th the acrylonitrile and the vinyl acetate Iwcomes faster with increasing iiitrile con¬ 
tent; in solution tlie polymerization of both monomers becomes slower with increasing 
nitrile content. Methacrylonitrile, methacrylamide, and styrene strongly inhibit the 
polymerization of vinyl acetate. Ethyl methacrylate and acrylamide are mild inhibi¬ 
tors. Received June 2i, 19^49, 


Polymerization of m- and p-Formylgtyrcnes. By R. H. Wiley and 
P. H. Hobson. 


Polymers and copolymers of m- and p-forniylstyrene prepared by bulk and emulsion 
techniques have been found to be fusible and to be insoluble in a wide variety of organic 
solvents. The presence of the electrophilic formyl group does not appear to alter the 
polymerizability of these compounds. m-Formylstyrene has been prepared by decar- 
boxylatien of m-formyldnnamic acid and characterized. Received June 29^ 19^» 
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Crystallinity of Precipitated Cellulose. By P. H. Hermans and A. 
Weidinger. 


Cellulose precipitated from very dilute viscose by acids shows enhanced degree of 
crystallinity as compared to ordinary viscx> 8 <* rayon. The effect is small when precipita¬ 
tion is carried out at room temperature and considerable at boiling temperature. The 
highest figure rc/ached was 53% as compared to 40% for rayon. Received July 5, 19^9* 


Viscosities of Binary Polymeric Mixtures. By W. R. Krigbatjm and 
F. T. Wall. 

Specific kinematic viscosities in diliiti^ solutions are reported for three mixtures and for 
the correspfinding pure components. T\w data are fitted to the equation 

-f -b biicj -b 2bi2CiCo -b 

and the resulting values of the interaction constant c;oinpared with the ideal value, 
( 611622 )*'^''* Mixtures of dissimilar jMilyinors are shown to exhibit positive or negative 
deviations from ideality, and an attempt is made to correlate these deviations with the 
physical properties and chemical structures <)f the components. It is pointed out that 
the Philippoff mixture law tacitly aN.suiiH*s ideal mixing and therefore gives only a first 
approximation to the mixture viscosity when the conifionents are dissimilar. Received 
July 5, 7549. 


Flow of Linear Amorphous Polymers. By R. S. Spejscer. 

The principal aim of this paper was to emphasize the importance of flow orientation as 
a determining factor in the behavior of polymers in shear. The tacit assumption under¬ 
lying the entire discussion lias been that deviations from Newton’s law are attributable 
primarily to flow orientation, at least for the typo of polymers with which we have been 
concerned. On this basis a new relationship between rale of shear and shearing stress 
was derived and found to agree reasonably wtII with experimental fact. Taking a more 
empirical approach, it was shown that the flow behavior of a polymer may be charac¬ 
terized by Iw'o quantities, the N<*w Ionian xiscosity Tor fluidity) and the modulus of high 
elasticity, llie influence of Icmiieraturc, polviuer molecular weight, and plasticizer 
content on these quantities was ilhistiated. Such jilienomeiia as ballooning and spiral¬ 
ling of c\tru<h*d filaments were discussed on this basis. Received July iOj i9U9. 


Properties of Polystyrene. II. Fractionation of the Polymer. 
By E. H. Merz and R. W. R^etz. 

A largtvscale fractionation of a low conversion [M)lyst>renc jiolyiner by stepwise 
diiction of the temperature of a butanoue-niethanol solution is de.scribed. The intrinsic 
vistiosity is reported for all 39 fractions and tlie light-scattering molecular weight for 8 
fractions. The distribution curve, having a single broad peak, is also presented. Re¬ 
ceived July iO, 19^49, 
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Refractometric Determination of Second-Order Transition Tem¬ 
peratures in Polymers. V. Determination of the Refractive Indices 
of Elastomers at Temperatures from 25^ to — 120^C. By R. II. 
Wiley, G. M. Brauer, and A. R. Bennett. 

Refractive index-ternperature data down to —120®C. are reported for a series of rub- 
berlike polymers which have second-order transitions at temperatures below —60 ®C. 
These data show a change of slope which locates the transition temperature. A method 
for insulating the standard Abbe refractometer and refrigerating it with cooled air to 
facilitate operation down to --120®C. is described. Eeeewed July 1i, 19^49. 


Depolymerization as a Chain Reaction. By R. Sibiha, L. A. W \li.. 
and P. J. Blatz. 

The kinetics of depolymerization reactions of the chain type is developed by postulat¬ 
ing an initiation, followed by propagation, transfer, and termination of radicals. The 
propagation pnjdiices smaller radic^als and monomer molecules. Transfer stabilizes a 
given radical and produces another which in turn decomposes into a smaller radical and 
a stable chain. Termination is assumed to occur exclusively by disproportionation. 
Such a scheme leads to the following result: If and as long as a steady state concentra¬ 
tion of radicals is maintained, the course of the reaction, the production of smaller 
stable species from the original material, is approximately equivalent to that predicted 
by a step reaction of the type treated previously. The effective rate consents of this 
equivalent reaction are a function of the initiation and transfer (Constants, the radical 
concentration, and the kinetic chain length. I'hey furthermon* depend ufK»n the loca¬ 
tion of the bond to be broken, although no a priori dependence of the actual rate proc¬ 
esses on the position within a niolecnile (weak links) or the size of a mole(*ule is assumed. 
The effect is a purely statistical one. If a radical can l)e initiated all along a polymer 
molecule, bonds in the interior arc effectively broken more readil> than th(»se near the 
ends. If initiation can occur only at the terminal bonds, the situation is reversed. This 
selective tendency is opposed by the transfer reaction, whi(;b exerts a randomizing in¬ 
fluence besides effectively increasing the initiation probability for a given molecule. 
The general solution is given and discussed in terms of the kinetic chain length. If it is 
very small in comparison with the initial degree of polymerization, the «x)urse of the re¬ 
action is determined by initiation and transfer. Such a case may be approached when 
transfer is important. If initiation cK'Curs at random, the result tends in the limit to¬ 
ward practically random degradation. The case of initiation at tlie ends reduces in the 
limit to a stepwise splitting of terminal monomer units. On the otlierdiand, when the 
chain length is larger than the degree of |K)lymerization, small molecules are preferen¬ 
tially produced. The distribution of molecular sizes and the average molecular weight 
are presented as a function of the degree of conversion. Estimates of the values of the 
kinetic chain length and of the initiatif)n constant are given. Bereived July 15, 19^49. 


Titration Potentiometrique de la Viscose. HI. By P. Herrent 
and G. Jnoff. 

By combining various current methods of analysis with the present method of poten- 
tiometric titration, it was possible to plot the individual curve of the variation of com¬ 
position of each of the constituents of viscose as a function of ripening. Received July 
27, 19^. 
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Experimental Study of Copolymerization. IV. By T. Alfrey, Jr., 
J. Bohrkr, H. Haas, and C. Lewis. 

Experimental results for fourteen copolymer systems are reported. The self>additioii 
of indene has been verified. This monomer strongly inhibits vinylidene chloride. 
Coiiinarin behaves as an inert diluent in the polymerization of vinylidene chloride. The 
effect of the following groups on the reactivity of the double bond is examined: car- 
l)oxyl. 2-pyridyl, /er/-butyl. Received August 15, 19^9, 

Chlorination of Natural Rubber. I. Preparation and Properties of 
Chlorinated Rubber. By (L J. van Amerongen, C. Koningsbergfb, 
and G. Salomon. 


In order that the reaction between chlorine and rubber might be studied, rubber in 
solution and solid rubber were made to react under greatly varied conditions with gase¬ 
ous and liquid chlorine. It may be inferred from the quantity of HCl evolved during 
the reaction and frorn the reactivity of the combined chlorine toward aniline that the 
primary reaction prot^eeds by substitution of chlorine at the allylicr position. This sub¬ 
stitution of chlorine is considered to be an ionic type of reactlion involving the formation 
of an intermediate carf>oniurn ion. With continued chlorination, chlorine is added on 
to the double Ixmd. Tliere was no distinct variation from this course of reaction under 
any of the conditions applie<l. Chlorinated rubl)ers of 65 to 70% chlorine content were 
obtained in a short time by treating rubber solutions with chlorine gas under a pressure 
of 10 to 12 atm. at temperatures of alx>ut 100®C. Chlorinated rubl)crs of similar clilo- 
rine content w^re likewise produced from solid rubl>er by reaction with liquid chlorine 
at temperatures in the neighborhood of 100®C., but there were signs of carlKmization in 
this reacthin when large amounts of the material were brought into reaction at a time. 
Received August 24, 19't9. 


Chlorination of Natural Rubber. II. Preparation and Properties 
of Rubber Diebloride. By (i. .1. van Amerongfon and C. Konings- 

BERGER. 


Two methods are discussed for the pnaluction of relatively stable chlorinated rubbers 
of a chlorine content comparable to that of neoprene and polyvinyl chk)ride. One of 
those methods is based on the chlorination, by addition, of rubber with the aid of sul- 
furyl chloride. KxiJeriinents with purilied gutta-percha, serving as a model substance 
for natural rubber, provided evidence that the presence of nitrogt*iioiis organic sub¬ 
stances such as ainine.s induces a substitutive chlorination. Peroxides, on the other hand, 
set a chain reaction in motion, which ultimately leads to an addition firodiict. Some 
antioxidants, such as di-/er/-amyl hydroquinone or /S-napdithol, ac^t as effective chain 
inhibitors. Sev^eral hydroperoxides, e.gr., tetralin hydroperoxide and /cr/-butyl hydro¬ 
peroxide, are useful catalysis for the additive chlorination of natural rubber with S 02 Et>. 
l^hejie catalysts apF)arently prev'ail over the natural contaminations of natural rubber 
which favor substitution. Rubber deriv^atives containing uj) lo 17% of chlorine, mainly 
additive, were protlticed from ordinary, unpurified rubber. By the other method for 
the production of chlorinated rubbers, rubber hydrochloride was chlf)rinated. Tins 
chlorination is acceleraUnl by exposure to light, espetnally to ultriiviolet light. Products 
were obtained containing uj) to as much as 70% of chlorine. On the evidence of kinetic 
chlorine analysis it is believed that chlorinated rubber hydrochloride with approximat(‘lv 
50% of chlorine probably possesses a structure not very different from that of the p»*od- 
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ucts of the addition of chlorine to rubber with SOsCh* The mechanical properties of 
various products are briefly discussed. Unsaturated rubber dichlorides containing 
about 25% of chlorine are rubbery and lend themselves to vulcanization giving products 
with little tendency to swell in hydrocarbons. Rubber dichlorides containing roughly 
50% of chlorine are thermoplastic. Received August 24, iP49. 

Potassium Ferricyanide-Diazothio Ether-Mercaptan Recipe for 
Emulsion Polymerization of Butadiene and Styrene. III. Deter¬ 
mination of p-Methoxyphenyl Diazothio-(2-naphthyl) ether. By 

I. M. Kolthoff, W. J. Dale, and L K. MnxER. 

Procedures are described for the determination of p-tnethoxyphenyl diazothio-(2- 
naphthyl) ether (MDN) in benzene solution and in latex by amperometric titration with 
silver nitrate, or with the aid of a spectrophotometer after conversion to a stable dye. 
Received September 2, i9U9. 

Heterogeneous System for Polymerization of Vinyl Chloride. By 

J. B. O’Hara and C. F. Prutton. 

A process for the polymerization of vinyl chloride is described in which gaseous vinyl 
chloride is bubbled through a solution of (K)tassium persulfate at slightly elevated 
teinjKjratures and essentially atmospheric pressure. The manner in which the amount 
of polymer formed vanes with time is described. The efl'ects of the variables- monomer 
rate, catalyst concentration, temperature, and pressure—on the rate of reaction and 
specilic viscosity of the polymer formed is presented. The locus of the reaction is dis¬ 
cussed. Received September 8, 19^s9. 

Measurement of the Molecular Weight of Polyethylene by the 
Menzies-Wright Boiling Point Elevation Method. By II. Morawktz. 

The Menzies-Wright ebullioscopic method was used to evaluate unfraclionaled iK)ly- 
ethylene resin, DYNH (Blend 1004). This material was found to have u number 
average molecular weight in the range 9000-9200. Results ©f good reproducibility were 
obtained with concentrations not exc<^cdiiig 2.1 g. per 100 ml. tetrachlorethylene solvent. 
From the curvature of the boiling point elevation vs, concentration plot, the solvent- 
solute interaction constant ix was calculated and found to be slightly higher than the 
value predicted by Huggins for solvents with zero heat of mixing. Received November 

3, m9. 

Redox Recipes. III. Use of Various Sugars at 0® and 30®C. in a 
Cumene Hydroperoxide-Iron-Sugar Recipe. By I. M. Kolthoff, A. 
I. Medalia, and M. Youse. 

The cumene hydroperoxide-iron-sugar recipe which gave attractive rates of conver¬ 
sion at 30 ®C. has been studied with several variations at 0®, using several sugars or 
Bugarlike products. Dihydroxyacetone appears to be the inost suitable reducing agent 
at 0®. Received September 8, 19^9, 

Tetramethylthiuram Disulfide Vulcanization of Extracted Rubber. 
I. Introduction and Compounding. By D. Craig, A. E. Juve, and 
W. L. Davidson. 

The series of papers, of which this is the first, report on soft rubber vulcanizations 
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using tetramelhylthiurarn disulfide (TMTD) in the absence of added sulfur. A study 
of the characteristics of compounding in this system demonstrated that: (f) large 
amounts of the monosulfide inhibit vulcanization with both TMTD and sulfur; (2) 
the presence of 1.5% zinc oxide is desirable; (3) palmitic acid displayed only a mild ac¬ 
tivating elfect; (4) neither zinc dirnethyidithiocarbamate nor dimethylammonium di- 
methyldithiocarbamate activates TMTD-^zinc oxide formulations; and (5) zinc sulfide 
is an effective activator. Received September 12, i9U9, 


Tetramethylthiuram Disulfide Vulcanization of Extracted Rubber. 
II. Structure of Radioactive Tetramethylthiuram Disulfide. 
By D. Craig, W. L. Davidson, A. E. Juve, and 1. G. Geib. 

(f) A study of the four sulfur atoms in tetramethylthiuram disulfide (TMTD) by 
radiosulfur techniques disclosed that these sulfur atoms are equivalent chemically. 
(2). The synthesis and reactions of radio-TMTD were studied. (.?) New reactions 
which were found for TMTD included those with the following substances: dimethyl- 
amine, n-dodecyl mercaptan, ZnS, ZnO, zinc dust, S**, and acetic acid. (4) Radiosulfur 
and the sulfur atoms in ZiiDMDC do not undergo interchange, at least up to ISC'". 
Received September f 2, i9W, 


Tetramethylthiuram Disulfide Vulcanization of Extracted Rubber. 
III. Short-Path Distillation of TMTD and Its Reaction Products 
from Rubber. By D. Craig, A. E. Juve, and \V. L. Davidson. 

(f) A technique has Ix'en described for the short-path distillation of substances 
from rublier. It has been found that sulfur, TMTM, TM'J’D, ZnDMDC, phenyl-beta- 
naphthylainiiie, and palmitic acid are rec«nerable by this procedure. (2) The conver¬ 
sion of zinc compounds such as zinc oxide and zinc palinitatc to ZnDMDC in rubber by 
treatment first with CS2 and then with dimethylamine has been studied. (3) The 
volatilization of zinc from vulcanizates after Conversion to ZnDMDC has been shown 
to occur without devulcanization. Received September 12^ I9^i9. 


Tetramethylthiuram Disulfide Vulcanization of Extracted Rubber. 
IV. Behavior of Rubber as an Acid. By D. Craig, A. E. Juve, and 
W. L. Davidson. 

(f) The reaction of rubljer with zinc palmitate was found fo liberate palmitic acid 
at low pressures, thus revealing that rubber is acidic'. (2) 1 he reaction of zinc oxide 
with palmitic acid in toluene solution was enlianced by the presence of water. (3) Tlie 
small increase in the nitrogen content of rubber cau.sed by its reaction with TMl D \^as 
equivalent to the palmitic acid liberated by the zinc palmitate reaction. (4) The use of 
TMTD as a reagent for organic acids has been studied and found to convert carbo\>l 
groups into dimethylamide groups. This result suggests that the acidic nature of 
rubber is due to carboxyl groups in the rubber molecule, a suggestion which is compatibU* 
with the nearly complete removal of zinc from the 1 Ml D vuleanizate by the zinc re¬ 
moval technique. Received September 12, 19^9. 
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Tetramethylthiuram Disulfide Vulcanization of Extracted Rubber, 
V. Low Molecular Weight Products and the Mechanism of Zinc 
Oxide Activation. By D. Craig, W. L. Davidson, and A. E. Jove. 

(/) The mechanistri of zinc activation has been studied by the use of radiosulfur and 
short-path distillation techniques. (2) The activating effect of zinc compounds of 
I'MTD vulcanization is ascribed to a buffering action on the concentration of HjS 
dimethyldithiocarbamic acids, and other acids which may l>e present in the vulcanizing 
rubber compound. (3) Zinc compounds appear to prolong the life of TMTM in the 
viilcanizate by limiting the concentration of H 2 S and thiia make possible an efficient use 
of the available sulfur for cross-linking of the rubber molecules by a pro<iess which 
seems to be of the radical type. (4) The reaction of DMADC with CS 2 has been found 
to yield dimethylthioformamide and sulfur in the absence but not in the presence of 
rubber. (5) The application <if the results obtained to the theory of vulcanization is 
discussed briefly. Received Sepfember 12, 1949. 


Hydroperoxides as Initiators of Emulsion Polymerizations at Low 
Temperatures. By J. E. Wicklatz, T. J. Kennedy, and VV. B. Reyn¬ 
olds. 


The results of emulsion fM)lymerizations in which twenty-eight different m gaiiic liydro- 
jieroxides were used as oxidizing agents in a standard redox reci|K‘ at 5°(L have been 
presented. Each hydroi>er(»xide was tested at several different (’oncent ration levels. 
The hydroperoxides of chlorodiisopropylbenzene, di-/-butylisopropy I benzene, cyclo- 
hexylbenzene, 1,2,3, l,ia,9,10,10a-octahydrophenanthrene, and /-but > lisopropylbenzeiie 
were found to be the most effe(;tive of the compmuds tested. Oxidation mixtures, 
concentrates of oxidation rnixtures, and purified samples of h\dropi‘roxid<*s served as 
sources of hydroperoxide for the polymerization experiments reporU^d. Similar results 
were obtained with oxidation mixtures and concentrates, but purification of the liydro- 
j)eroxide usually resulted in improved polymerization rates. 3'he amount of hydn>- 
j>eroxide which gives the optimum results in a given |^)olymerization recipe varies for 
structurally different hydroperoxides and appears to be related to the molecular weight. 
Received September 17, 1949. 


Propagation Phenomena in Elastic-Viscous Media. By R. Sips. 


Using results from a former paper, the equation is given for the propagation of one¬ 
dimensional disturbances in an elastic-viscous medium defined by its relaxation func¬ 
tion. The integro-differential equation so obtained is integrated in two important 
(^ases: the steady periodic motion and the propagation of an initially localized disturb¬ 
ance ill an initially unstressed medium. Received September J ft, 1949. 
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Some Polymeric Derivatives of Phosphonitrile Chloride. By C. J. Brown. 

The reactions of phosphonitrile chloride with phenols and substituted amides have 
been investigated. Some of the substances formed polymerize readily to give high-- 
boiiing oils or thermoplastic resins. A new reaction has been found between phospho> 
nitrile chk)ride and certain substituted anilides, such as acetanilide and diphenylurea. 
I^uations for these reactions are suggested. It is evident that the phosphonitrile rad¬ 
ical behaves as a unit of high stability, with chromophoric potentialities, readily giving 
rise to chain polymers. Received February 21, 19^9, 


New Oxidants for Initiation of Emulsion Polymerization in Antifreeze Recipes 
at — 10“C. By C. F*. Fryling and A. E. Follett. 

The introduction of the Dioxes as oxidants in emulsion polymerizations at subfreezing 
temperatures has opened up new horizons especially in the direction of the utilization of 
commercially available rosin acid soaps in formulations containing low iron concentra¬ 
tions. It is now possible to copolymerize butadiene and styrene to 60% conversion in 16 
hours in an emulsion recipe containing only 0.3 millimole of iron per 100 g. of monomers 
with Diox* D, Dresinate 214, and potassium soap flakes; formerly it had been impossible 
to reach such a conversi<jn within 24 hours. By the use of mixed potassium laurate- 
myristate emulsifier and Diox 7, a conversion of 60% with a fluid latex was achieved in 
1 j 9 hours at — 10°C. In order to attain these high rates of conversion, it is necessary 
that the redox components of the polymerization recipe be j)roperly “balanced’* with 
respect to the mole ratio of oxidant to iron, and that the potassium chloride concentra¬ 
tion in the activator and the pH of the emulsifier solution be adjusted to their optimum 
values. Received September 17, i9h9. 


Studies on the Rate of the Emulsion Polymerization of Butadiene-Styrene 
(75:25) as a Function of the Amount and Kind of Emulsifier Used. III. Effect 
of the Amount of Soap on the Rate of Polymerization. By I. M. Kolthoff, 
E. J. Meehan, and C. W. Carr. 

The rate of emulsion copolymerization of butadiene-styrene (7.5:25) has been studied 
at 50as a function of the amount of soap. The following soaps were investigated: 
potassium myristate, |Mitassium laurate, sodium caprate, sodium salt of dispropor- 
tionated rosin acids, and a commercial soap (largely sodium palmitate, oleate, and 
stearate). The initial rate of polymerization is decreased as the amount of soap is 
decreased, but the rate after about 25% conversion becomes almost independent of the 
amount of soap. If the concentration of soap in the aijueous phase is less than the 
critical concentration for micelle formation the initial rate is extremely small and be¬ 
comes about equal to the rate in the absence of emulsifier. The initial rate with varying 
amounts of different detergents is approximately proportional to the amount of solu¬ 
bilization by the soap or other detergent solution. The data confirm Harkins theory 
that solubilization by soap micelles is a major factor in the initial stages of emulsion 
polymerization. Received September 27i, i9U9, 
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Copolyrnwixatioii of Pkenylaoetylene with Vinylpyridine, By C. C. Price and 
C. E. Greene. 


Experiments on the oopolymerization of phenylacetylene with 2-vinylpyridine gave 
values for the oopolymerization ratios, n 4.0 0.7 and rt 0.20 ^ 0.05., Estimates 

of the oopolymerization oonstants, Q 0.3 and e » —0.6, from these experiments agree 
with those estimated from values of oopolymerization oonstants recently reported by 
Doak from studies of oopolymerization of phenylacetylene with methyl acrylate and 
acrylonitrile. The experiments reported herein support the report by Doak that 
phenylacetylene acts as a marked retarder, as well as a commoner. Received October 5^ 


Ionic Polymerization of Mono-olefinic Hydr€>carbons at Low Temperatures. 
Characterization of the System Alpha Methylstyrene-Sulfuric Acid. By R. G. 
Heiugmann. 

The asymmetrical aryl-olefin alpha methylstyrene has been polymerized to products 
of high molecular weight in the presence of sulfuric add at temperatures of O^C. and 
below. The polymerization characteristics are similar to those exhibited by systems 
activated by electrophilic metal halides. The amount of water that can be tolerated in 
the sulfuric add.catalyzed system without matericd diminution in rate and molecular 
weight corresponds to the monohydrate. A carbonium ion mechanism is postulated for 
the system, consisting of an extension of the Whitmore theory to low temperatures with 
attendant decrease in the magnitude of the intramolecular rearrangements. Received 
October 10,1949, 


Experiments on the Sonicy Thermal^ and Enzymic Depolymerization of Dcssoxy- 
ribosenucleic Acid. By G. Goldstein and K. G. Stern. 

The effect of intense vibrations in the sonic frequency range, of elevated temperatures, 
and of purified pancreas desoxyribonuclease on highly polymerized sodium desoxyri- 
bosenucleinate has been studied in a quantitative and comparative manner. All three 
agents produce a depolymerization of the nucleinate resulting in a rapid decrease of the 
viscosity of dilute aqueous solutions. The ultraviolet absorption spectrum of the 
nucleinate is not appreciably affected by these agents. Studies in the ultracentrifuge 
reveal that the mechanism of depolymerization varies with the type of agent employed. 
In contrast to the enzymically and sonically depolymerized materials, the thermally 
treated STN shows a tendency to repolymerize spontaneously on standing. Na nuclein¬ 
ate, which has been partially depolymerized by sonic treatment, may be further degraded 
by desoxyribonuclease. Received October W, 1949. 


Calculation of the Distribution of Molecular Weight of GR-S from Viscosity 
and Mercaptan Consumption Data. By E. J. MsEHANk 

The distribution of molecular weights of GR-S polymers can be represented approx¬ 
imately by a logarithmic distribution function involving two oonstants which can be 
evaluated from viscosity-average molecular wei^t and number-average molecular 
weight* The latter may be calculated from mercaptan disappearance data. The 
calculateii distributions are in good agreement with eiqierimental values. Received 
Octobm^ 27, 1949. 
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Osmotic^ Viscometricy and Turbidity Studies of Polystyrene in Mixed Solvents. 
By S. R. Paijt, G. Colombo, and H. Mark. 

Polystyrene is found to be completely insoluble in acetone and in methylcyclobexane 
but dissolves completely in their mixture containing from 13 to 77% acetone by volume. 
Visoometric studies show that the h] is maximum and Huggins k' value minimum at 
about 40:60 acetone-m.c.H. mixture. Osmotic studies show that the slope of the t/c 
curve is maximum near this composition. Light scattering studies show that the scat¬ 
tering is at a minimum and the dissymmetry of scattering is at a maximum near this 
composition. The above observations arc considered to indicate that the composition 
showing the maximum solvent power is a true optimum composition and the dissolved 
unit is laterally more extended in this optimum composition than at any other composi¬ 
tion of the two solvents. Received November 5, i9^9. 


Modified Osmotic Balance. By C. H. M\hsoN and H. W. Melville. 

The construction of a modified form of osmotic balance has been described. By sus¬ 
pending a cell from each arm, the instrument has been made insensitive to temperature 
changes. In place of weighings, measurements are recorded by altering the buoyancy 
of one of the cells. By the use of an optical lever in conjunction witfi a divided photo¬ 
cell, a considerable increase in sensitivity has been obtained, the movements of the bal¬ 
ance pointer being magnified about 300 times. A new method of matching the levels of 
solvent and solution has been described. Difficulties due to ev aporation of solvent are 
discussed. Received November 10, i9'49. 


Elastoviscous Properties of Poly isobutylene. II. Relaxation of Stress in Whole 
Polymers of Different Molecular W^eights at Low Temperatures. By G. M. 
Brown and A. V. Tobolsk y. 

The relaxation of stress in poly isobutylene whole polymers of different average molec¬ 
ular weights and in a butyl gum vulcanizate has been studied over a temperature range 
from 0® to —70®C. As the polyisobutylenes take on a glassy character with decreasing 
temperature, their relaxation behavior shows marked dissimilarities from that observed 
at elevated tempcrature.s. At —70° the magnitiide of the initial stress value is gieater 
by a factor of more than two powers of ten than at 30°, the major part of the increase 
appearing at the lowest temperatures. The apparent activation energy for relaxation 
increases from a value of about 16 kcal. in the range ,30-100° to more than 40 kcal. at 
—65° for a polyisobutylene of molecular weight 1,240,000. At the lowest temperatures 
the rate of relaxation of polyisobutylene tends to lose its sensitivity to molecular weight, 
and identical curves were obtained for samples of molecular weights 720,000 and 1,240,- 
000 . Here also, relaxation curves for the polyisobutylenes and for the butyl gum rubber 
become very similar. Below —55°, relaxation for periods of about 10 hours in pojy- 
isobutylene of molecular weight 1,240,000 occurs without any permanent defortnation ol 
the sample resulting. Apparently the relaxation observed at low temperatures during 
the time interval of an experiment proceeds by a mechanism distinctly different from 
that of the relaxation observed at elev'ated temperatures, in that manx more short- 
range changes of molecular configuration are involved. Received November 23, 19^9. 


Copolymeiiacation of Butadiene-Styrene by Means of an Oxygen, Dodecyl 
Mercaptan, Iron and Cobalt Pyrophosphates System. By C. S. Marvel and 
O. Keplinobr. 

Copolymerization of butadiene-styrene in soap emulsion can be initiated by the inter¬ 
action of oxygen and mercaptans catalyzed by traces of ferrous pyrophosphate and co- 
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bait salts. A recipe is described which elTects conversions of 53% within 36 hours at 
—1**. The resulting rubber is very soluble in benzene and h&s an intrinsic viscosity in 
the range of 3.5“-4.36. Received November 28, 19^9. 


Effect of Dielectric Solvent Medium on Copolymerization. By C. C. Price and 
J. G. Walsh. 

The lack of influence of the dielectric constant of the solvent medium on the Alfrey- 
Price electrical factor in copolymerization has been confirmed for the systems styrene- 
methyl methacrylate and alpha-methylstyrene-maleic anhydride. Examination of the 
transition state structure in the light of the influence of solvent dielectric on charge inter¬ 
actions within a molecule indicates that little or no influence of solvent dielectric on 
simple ooulombic interactions would be expected in the active radical-monomer transi¬ 
tion complex. Received December 6,19^9. 


Redox Recipes. IV. Dihydroxyacetone Recipes at O'^C. By I. M. Kolthofp 
and A. I. Med alia. 

A recipe for the emulsion copolymerization of butadiene and styrene, in which the 
initiating system consists of cumene hydroperoxide, ferric iron (as the pyrophosphate 
complex), and dihydroxyacetone, gives a conversion of 60% in 11.5-12 hours at 0°C., 
with as little as 0.07 part of dihydroxyacetone. Owing to the high cost of pure dihydroxy- 
acetoiie, the preparation of crude products has been studied by means of the Fenton 
reaction. A procedure is described according to which glycerol, glucose, or sucrose may 
be oxidized with hydrogen peroxide and ferrous iron to give crude solutions whose 
activity in the polymerization recipe'is equal to that of dihydroxyacetone. Received 
December 8, i9U9, 


Polyalkylene Sulfides with Rubberlike Properties. By C. S. Marvel and H. E. 
Baumgarten. 

The reaction of hexamethylenedithiol with diolefins to form polyalkylene sulfides has 
been extended to the diolefins, 2,6-diallylphenol and diallylcarbinol. Polyalkylene sul¬ 
fides with rubberiike properties have been obtained from the reaction of mixtures of 
diallyl, dirnethallyl, and 2,6-diallylphenol with hexamethylenedithiol in the emulsion 
system utilizing MP-189-EF as emulsifier, ammonium persulfate as catalyst, and 
sodium bisulfite and cupric sulfate as catalyst activators. The polymers have been 
vulcanized (cross-linked) by heating with an excess of hexamethylenetetramine to give 
benzene-insoluble, rubbery solids. A polymer prepared from dirnethallyl (90 mole per 
cent)^ diallylcarbinol (10 mole per cent), and hexamethylenedithiol has been vulcanized 
by heating the polymer in chlorobenzene solution with hexamethylene diisocyanate to 
give a rubbery solid. Received December 8, 19^9, 


Redox Recipes. V. Tbe Redox System, Ferrous Sulfide-Cumene Hydroper¬ 
oxide. By I. M. Kolthoff and A. I. Medaua. 

A redox recipe is described in which freshly precipitated ferrous sulfide is the reducing 
agent and cumene hydroperoxide b the oxidizing agent. Attractive rates of conversion 
are obtmned both at 30^ and at 0°C., in the emulsion copolymerbation of butadiene and 
styrene. Addition of reducing sugars, or of glycerol, increases the rate of conversion. 
Received December 13, i9U9, 
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Effects of Hampered Draining of Solvent on the Translatory and Rotatory 
Motion of Statistically Coiled Long-Chain Molecules in Solution. Part I. 
Translation Resistance; Rale of Diffusion and Sedimentation. By H. Kuhn 
and W. Kuhn. 

The resistance to the translational motion of a randomly coiled molecule is discussed 
on the basis of several approximations. Theoretical treatments are given for the two 
limiting cases of the nondraining and the freely draining coil. The resistance of the 
nondraining coil of certain external dimensions is obtained by regarding it as a sphere 
and then as an ellipsoid of corresponding dimensions, '^fhe freely draining coil is 
treated by assuming that each of the preferential statistical chain elements into which 
the chain is divided behaves as though it were a long stretched ellipsoid of revolution 
and that its hydrodynamic resistance will remain uninfluenced by the other chain ele¬ 
ments. 

In the general case when the chain molecules are partially draining, the hydrodynamic 
resistance is determined from experiments on large-scale models in view of a theorem of 
hydrodynamic similarity applicable here. The models were constructed by bending 
pieces of wire in a statistical manner. 

The empirical formula which results from thcjse experiments applies to the whole range, 
J.C., at all degrees of draining from the limiting case of the nondraining coil to the limiting 
case of free draining. In these limiting case^, good agreement is found with the results 
derived theoretically in the manner indicated alKive. 

Expressions for the sedimentation and diffusion constants of randomly coiled mole¬ 
cules are given. They are found to be in agreement with experimental data. From a 
comparison with these data, values can l>e deduced for the length, i4m» and the hydro¬ 
dynamic thickness, d*, of the chain element. The values of dt, thus obtained are in rough 
agreement with the values of ds, the average thickness of the chain deduced from molec¬ 
ular structural data. This serves to show that the use of large-scale model experiments 
in conjunction with the principle of hydrodynamic similarity represents a rational ap¬ 
proach to the solution behavior of macromolecules and that the extension of the simi¬ 
larity principle down to such particle dimensions is not an unreasonable approximation. 
Received December /, f.94'7. 


Redox Recipes. II. Redox Recipes in Alkaline Medium Initiated by the Sys¬ 
tem Cumene Hydroperoxide-Iron-Sugar at 30°. By I. M. Kolthofp and A. I. 
Medaua. 

A redox recipe for the copolymerization of l)utadiene and styrene at 30 is described. 
The components of the redox system are cumene hydmperoxide (CHP), a soluble pyro¬ 
phosphate-iron complex, and a reducing sugar; the emulsifier is pure potassium myris- 
tate; and /er/-dodecyl mercaptan is added as a modifier. Optimum concentrations 
have been found experimentally for ferric iron, pyrophosphate, and CHP. If very small 
amounts of CHP are taken, polymerization comes to a sudden dead stop at conversions 
which are in a linear relationship with the amount of CHP taken. From this relation¬ 
ship, together with the nearly constant rate of conversion, the rate of consumption of 
CHP can be calculated. This rate of consumption is proportional to the Va power of the 
amount of sugar, the proportionality constant for fructose being six times as great as 
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that for glucose. When sufficient soap is taken, the rate of conversion is proportional 
to the square root of the rate of consumption of CHP; but with little soap, this rela¬ 
tionship fails. Apparently the CHP-ferrous iron reaction which produces free radicals, 
takes place in the aqueous phase; if sufficient soap is present, the radicals enter the 
organic phase, where polymerization takes place; while with little soap, many radicals 
are terminated in the aqueous phase by reaction with one another without giving rise 
to polymerization. Alternatively, the data with 2.5 and 5 (but not with 10) parts of soap 
may be regarded as following the relationship predicted by Smith and Ewart for these 
authors* Case 2, in which the rate of conversion is proportional to the ‘A power of the 
rate of production of radicals and the V* power of the soap concentration. 

With concentrations of soap below the critical, virtually no polymerization takes 
place; while a small increase in the amount of soap in the neighborh<K>d of the critical 
concentration gives a sharp rise in the rate of conversion. When ferrous iron is used, 
this reacts rapidly with CHP in approximately a 1:1 mole ratio. The effects of various 
modifications in the ingredients of the recipe are presented. Received June IS, i9U9. 


Studies of Retarders and Inhibitors in the Emulsion Polymerization of Styrene. 
II. Inhibitors. By F. A. Bovey and I. M. Kolthopp. 


An experimental study has been made of the induction periods produced by p-benzo- 
quiiione, potassium 9,10-pheuanthrenequinone>3*sulfonate, and chloranil in the emulsion 
polymerization of styrene using dodecylatnine hydrochloride as emulsifier and potassium 
persulfate as initiator. It has been found that the induction jKjriods produced by p- 
benzoquinone are proportional to the amount of the inhibitor initially i)resent, inversely 
proportional to the persulfate concentration, and nearly independent of the emulsifier con¬ 
centration. Evidence has been adduced indicating that the rate of disappearance of p-ben- 
zoquinone is approximately equal to one-half the rate of production of monomer-free radi¬ 
cals in the system. The rate of production of radicals at the beginning of the polymeriza¬ 
tion is proportional to the persulfate concentration and nearly independent of the emulsifier 
concentration l>etween 0.625 and 5.00 g. dodecylamine hydrochloride per 100 g. rnonOmer. 
The activation processes exhibits an energy of activation of 33,000 ^ 400 cal. i>er mole. 
Potassium 9,10-phenanthrei]equinone-3-8ulfonate is a nonideal inhibitor. Chloranil is 
found to copolymerize with styrene. The polymer resulting under our experimental 
conditions has been characterized, and found to have the composition: 


Cl Cl 



—O-CHaCH—CIL—CH- 


--si 5-7 • 


Oxygen reacts more readily with styrene-free radicals than do quinones. Received July 5, 

im. 


Mechanism of Emulsion Polymerizations. IV. Kinetics of Polymerization 
of Styrene in Water and Detergent Solutions. By F. A. Bovey and I. M. Kol- 

THOFF. 

The rates of polymerization of styrene in water solution, and in solutions of dodecyl¬ 
amine hydrochloride, potassium palmitate, and potassium laurate have been measured. 
In water solution and in dodecylamine hydrochloride solution, the rate of polymerization 
is given by: 


-d(M)/d/ - K(Uy{py^ 
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where is the conMutration of styrene and (C) the concentration of potassium per¬ 
sulfate. This expression holds over the concentration range 0.001 to 0.1 M in dodecyl- 
aimne hydr^hloride solution. The value of K in dodecylamine hydrochloride solution 
18 found to be somewhat less than in water alone. By measurement of the rates of poly¬ 
merization and molecular weights of the polymers at 40° and 50° in the presence of 
0.0062 M persulfate and 0.093 M dodecylamine hydrochloride, the rates of activation at 
40 and 50° were calculated. These rates are: 

d{R)ldt (40°) = 3.4 X lO”*^ moles/liter/hour 
d(R)/dt (50°) = 16 3 X 10“* moles/liter/hour 

It is found that the rate of activation is essentially independent of the concentration 
of solubilized styrene, and is of the same order of magnitude in these experiments as in 
normal emulsion polymerization with a separate phase of styrene. The concentration of 
dodecylamine hydrochloride has hardly any effect on the rate of activation, but in the 
complete absence of emulsifier the rate of activation becomes much smaller. It is 
found that the molecular weight of the polymer formed varies inversely as the square root 
of the persulfate concentration. In solutions of fatty acid soaps, the rates of polymeriza¬ 
tion of styrene arc greater than in solutions of dodecylamine hydnxihloride, and follow 
no simple kinetic law with respect to styrene, being, however, nearer tf> first than second 
order. Received July .0, i9^s9. 


Molecular Weight of Polyacrylic and Polymethacrylic Acids. By A. K\tchalskv 
and H. Eisenbei\g. 

(f) The molecular weight of polyacrylic and polymethacrylic acids may be deter¬ 
mined by their transformation into the corresponding esters by diazomethane. Neither 
the chemical structure nor the chain length change during esterification. Hydrolysis of 
the polyesters to poly acids in acetic acid solution does not change the degree of polymer¬ 
ization. 

(2) Measurements of the turbidity of dilute aqueous solutions on addition of HCl also 
give the true molecular weights. The molecular weights of 7 fraction.s of polymeth¬ 
acrylic acid ranging from 88,000 to 765,000 were determined by lx>th methods and 
shown to be in good agreement. 

G?) Comparison of the viscometric data in acpieoiis solutions, with the molecular 
weights obtained, shows that the molecules are highly coiled in acid solution (hJ-^M®-^), 
that they open by addition of small amounts of alkali (hl^M), and that they become 
highly stretched at increasing degrees of neutralization ([77]'^M*). Excess of electrolyte 
reduces the intrinsic viscosity of the ionized polyacid to that of a randomly coiled chain. 
Received December 9, 19^9. 


Preparation of Cyclized Rubber from Natural Rubber Latex. By G. J. van 
Veersen. 

In this paper a new method for the preparation of cyclized rubber from natural rubber 
latex is described. In this method, which follows logically from the new way of pre¬ 
paring rubber hydrochloride from natural rubber latex, latex stabilized with nonionic 
or cationic emulsifying agents is mixed with sulfuric acid. If a sufficient amount of sul¬ 
furic acid is added, cyclized rubber is formed after some heating. The influence of sul¬ 
furic acid concentration and the temperature on the rate of reaction have been investi¬ 
gated. Other cyclizing agents proved to be hydrogen fluoride and boron trifluoride. 
The advantage of the method described is that cyclized rubber can be obtained in the 
form of a latex. Received December 13,19^49. 
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Sedimentation Analysis of an Extract of the Prekeratinous Layers of Skin. 
By E. H. Mbrgbr and B. Olofsson. 

(f) Sedimentation velocity analysis of a solution of the prekeratinous regions of skin 
in strong urea solution reveals the presence of several components with sedimentation 
constants ranging from 1-7. (2) Reduced solutions contain only a single component 
suggesting that the molecules with larger sedimentation constants are complexes, which 
are broken down by reduction. The average molecular weight of the principal constitu¬ 
ent is of the order 60,000. The frictional ratio 3.5 implies a very asymmetric molecule. 
(S) In broad features this component resembles a fiber-forming derivative of wool kera¬ 
tin produced by reduction at moderate pH values. This type of molecule may play an 
important role in keratin synthesis. In molecular weight and shape it also resembles 
tropomyosin, a protein suspected of being an intermediate in myosin synthesis. (4) It 
is suggested that the synthesis of the fibrous and hardened keratin is effected by the ag¬ 
gregation of molecules in an ascending series of molecular weight, each aggregate being 
consolidated by disulfide cross-linking. Received December 16,19^, 


Treatment of WchmI with Ultrasonic Waves. By N. Gral^n and S. Berg. 

The treatment of wood with ultrasonic waves causes a disintegrating of the biostruc¬ 
ture of wood and splits the bonds between lignin and cellulose or other carbohydrates. 
It is possible that the bonds of the cellulose molecule are split at tfie same time, but cer¬ 
tainly to a lesser degree or at a slower rate. After treatment with ultrasound, about 
50% of the wood can be dissolved in cuprammonium. The dissolved material (carbo¬ 
hydrates) consists of two main components with different sedimentation constants. 
Tlie two components are approximately classified as the cellulose and the hemicellulose 
of the wood. Received December 16,19^9, 


Polyelectrolytes. VI. Viscosities of 4-Polyvinylpyridine Hydrochloride in 
Methanol at 25°. By R. M. Fuoss and W. N. Maclay. 

Viscosities of solutions in methanol of poly-4-vinylpyridine; to which varying amounts 
of hydrochloric acid were added, have been measured. Starting from zero acid at a 
given polymer concentration, the reduced viscosity z » i^tp/C, increases rapidly on initial 
addition of acid, reaching a maximum of the order of ten times the intrinsic viscosity of 
the parent polymer. The maximum in z appears before one equivalent of acid has been 
added to the polymer. Beyond the maximum, the reduced viscosity decreases slowly, 
and appears to approach an asymptotic value dependent on total polymer concentration. 
In the region of excess acid, the polyvinylpyridine hydrochloride behaves like a normal 
chain polyelectrolyte, in that z follows our empirical equation in the square root of poly¬ 
electrolyte concentration. The maximum in x is explained on the hypothesis that 
quaternization of the neutral polymer causes an initial rise in viscosity due to intra¬ 
molecular electrostatic repulsion, and then association of the polycation with gegenions, 
with attendant neutralization of net charge, produces the decrease in z at excess acid. 
Received December 19, 19^9, 
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Solubility of Crystallized Polymers. By G. J. van Ameronoen. 

The behavior in solution of three crystallized polymers, namely, gutta-peroha, rubber 
hydrochloride, and nylon, was investigated. In all three cases it was found that, at a 
low enough temperature, these materials exhibit a separation of phases in the solution 
owing to the formation of crystallites. The melting point of these crystallites is lower in 
the better solvents and also in solutions of a higher dilution. Received November 22, 


Cross-Linking Reaction in Butadiene Polymerization. By M. Morton and P. 
P. Sai^atieux). 

A study has been carried out on the emulsion polymerization of butadiene in an at¬ 
tempt to evaluate the relative rate of the cross- linking reaction and its variation with 
temperature. 

Using a modified form of Flory’s equation, the following values were obtained for the 
relative cross-linking rate constant (i.c., ratio or the velocity constants of the cross-linking 
and propagation reactions): 

Temperature, ®C. K 

40. 1 02 0 03 X 10~< 

50. 1 36 0 05 

60. 1 98 ± 0 06 

The data lead to a calculated value for the difference in the activation energy between 

the cross-linking reaction and the propagation reaction (Ex — Ep) of 7.5 ^ 0.6 kcal. 

On the basis of the assumptions made, it is then possible to calculate the weight 
average degree of polymerization (^ud at the gel point for any given temperature. Thus 
it c-an be shown that, whereas gelation occurs at 50® when the value of reaches 3.1 X 
10*, it only occurs at 0® when yw reaches a value of 2.6 X 10^ Hence it should be pos¬ 
sible to achieve a tenfold increase in weight average chain length without gelation by 
decreasing the temperature of polymerization from 50° to 0°. A change of this magni¬ 
tude can be considered as a very significant factor in the improvement in physical prop¬ 
erties observed in elastomers prepared at reduced temperatures. Received December 18, 

my. 


Oriented Overgrowth on Cold-Drawn Polymers. By R. B. Richards. 

Oriented overgrowth of paraffin wax crystals, grown from solution, has been observed 
on the surface of oold-drawn strips of polyethylene and of polyethylene sebecate, but 
not on oriented gutta-percha, rubber, polyethylene terephthalate, or nylon. The dis¬ 
tribution of the angles at which the platelike paraffin crystals lie on polyethylene has 
been measured. This is found to be narrower than the angular distribution of the 
crystalline regions in the polymer as a whole, as calculated from the x-ray diffraction 
pattern, suggesting that the crystallites in the polymer surface are more perfectly ori¬ 
ented than in the interior. Received January 3,1950. 


Stoichiometry of Vulcanization with Sulfur. By R. L. Zapp, R. H. Decker, 

M. S. Dvroff, and H. A. Rayner. 

The vulcanization with sulfur using a polymer of low unsaturation such as butyl r'lbber 
has been studied over a temperature range of 250” to 400 ”F. The extent of cross-l.nking 
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by sulfur was followed by volume swelling measurements which were converted to 
molecular network dimensions with the aid of the Flory«Rehner model of a cross-linked 
system. Butyl networks were calibrated and an interaction coefficient between the 
polymer and the swelling solvent (cyclohexane) was given the value of 0.35. 

The extent of vulcanization was also followed by combined sulfur measurements at 
appropriate points along the reaction curve. These combined sulfur values were 
differentiated between sulfur organically combined to the polymer chain and sulfur 
combined with zinc in the form of zinc sulfide. 

From the molecular characterization of the vulcanized network the number of cross 
links per average molecule, and subsequently the amount of sulfur per cross link were 
calculated. Before the point of reversion set in, the amount of sulfur per cross link was 
of the order of two atoms regardless of the time or temperature at which the reaction 
took place. At the point of reversion this value began to increase. This stoichiometric 
aspect of vulcanization is discussed in the light of recent publications, and contradicts 
some reports on the inconsistency of combined sulfur and the physical properties im¬ 
parted to the network. Received January H, f 550. 


General Nature of the Extension of Structure Transverse to Collagen Fibril 
Axes* By 0. E. A. Bolduan and R. S. Bear. 

The cylindrical collagen fibril {e,g,, of kangaroo tall tendon) scatters x-rays to its 
smail-angle diffraction pattern in a manner indicating that its effective radius of coherent 
scatter, Rk (measured transverse to the ordered longitudinal axis), is often a function of 
layer-line index, Application of three methods for experimentally estimating /?* 
values discloses the following circumstances. For moist samples, Rk is large (> 1000 A.) 
and essentially independent of k, indicating that the entire fibril is then well organized 
and diffracts over much of its cross section to all layer lines. Drying, however, intro¬ 
duces a primary trend expressed by Rk » 1000k A., upon which is superimposed minor 
secondary variation. It is suggested that the fibril is actually compounded of thin, 
fmrallel filaments which the drying distorts and displaces in statistical fashion to reduce 
the effective fibrillar cross sections for coherent scatter. An introductory model for a 
compound fibril is examined with respect to the types of refinement required to adapt it 
to the experimental facts more closely. Received January W, 1950, 


New Monomers of the Quinoid Type and Their Polymers. By M. Szwarc. 


It was found that d iradic als, stable in the gas phase and with structures analogous 
to that of the CH 2 ==<(^ ^ molecule, were formed by the pyrolysis of each of 


the following cx)mpound8: 2-fluoro-p-xylene, 2-chloro-/)-xylene, 2,5-lutidine, 2,5-<limeth- 
ylpyrazine, 1,4-dimethylnaphthaleBe, 5,8-dimethylquinoline. On condensation, the 
diradicals formed from these compounds polymerize, producing polymeric films which 
are insoluble in organic solvents. The properties of these “monomers” and of their poly¬ 
mers are described. Received January 27, f950. 
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Cationic Polymerization of Butadiene and Copolymerization of Butadiene 
and Styrene. By C. S. Marvel, R. Gilkey, C. R. Morgan, J. F. Noth, R. D. 
Rands, Jr., and C. H. Young. 

(/) I’he cationic polymerization of butadiene with several FriedeI-Crafts catalysts 
has been described. iMurninurn chloride and chlorosulfonic acid are active catalysts 
at —75®. The rate of polymerization at —75® is much faster than at the higher tem- 
Ijeratures. Except for boron trifluoride etherate, which catalyzes the polymerization 
at —30°, the other catalysts (sulfuric acid, fuming sulfuric acid, stannic chloride, and 
boron trifluoride hydrate) produce appreciable amounts of polymer only at 0 ° or higher. 

(2) The effect of variables, such as catalyst concentration, catalyst solvent, dilution, 
reaction time, etc., differs with each individual catalyst. In some cases, results were 
not conclusive <fiie t<j lack of reproducibility. It was found that the presence of moisture 
is mainly resiK>nsible for this lack of reproducibility. Traces of water promote the 
polymerization with stannic chloride or boron trifluoride etherate, but inhibit the 
polymerization when an ethyl bromide solution of aluminum chloride is used as catalyst. 

(J) Rubberlike poly butadienes can be obtained with all catalysts except sulfuric 
and fuming sulfuric ac^ids. However, the physical proi)erties of these polymers show 
that the in<jlecular weight is very low and that the polymer is not suitable as a rubber. 
Polymers ranging from viscous liquids to hard, brittle solids have also been obtained. 
In general, the solubility of the i»olymers is low. Approximately 60% of the butadiene 
enttTs the i)ol>nuT cliain by 1,4 addition. 

(4) The cop(»l>merization of butadiene and styrene at —75° with an ethyl bromide 
.solution of aluminuni chloride has als<» been studied. At conversions lietween 20 and 
30% a soluble, ruldx'rlike copolymer haxing a low molecular weight is formed. An 
insoluble, brittle polymer is obtained at higher conversions. 

(5) 'file soluble, cationic copolymer has a characteristic ultraviolet absorption 
curve wliich is different from that of GR-S, It has a styrene content of approximately 
50% by weight which demonstrates that the styrene is more active in cationh; copoly¬ 
merization than is butadiene nereived January 4, 

Denatiirutioii of Plant Proteins. IV. Increase in Kcdiicing Capacity, Vi«- 
<^sity, and Optical Kotation upon Ilcnaturation with Guanidine Hydrochlo¬ 
ride. By B. JiRGENSONS. 

lit^guinin of vetch and tulH*rin i>t jxnato have Ikhmi denatured by guanidine hydro¬ 
chloride. It was found that the reducing capacity (as estimated by titration with iodine 
in slightly acid .solutions), the optical rotation, and the vJscosity thereby increase. The 
specific rotation of legumin is increastul from —12° for native legumin up to -90 for 
denatured legumin. The optical rotation and reducing capacity decrease with decreas¬ 
ing pH. According to the titration data, only afxjut 12% t>f the sulfide can be detected 
by iodine; upon denatiiration, the amount of detectable S!1 groups increases up to 4*0- 
80%. Recehed January lU 19f)0. 

Heat of Cry.taUiaalioii of Cellulose. B> E. C.m.vkt and P, II. Heum^ns. 

The measurement of the heats of dis-solutioii <.f cellulose of diverse percentages of 
crystallization has permitted us to find the heat of crystallization of the cellulose. W e 
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have found 4100 cal./mole. This number is about 25 % less than the heat of crystalliza¬ 
tion of the beta-glucose and it is very near that which had been found by one of the 
authors by means of the heats of wetting. The knowledge of the heats of crystalliza- 
tion of the cellulose and the determination of the heats of dissolution make possible 
the determination of the percentage of crystallization of a sample of cellulose when the 
composition of the sample in reference is known. Received January 20^ i950. 

Free Energies of Formation of Hydrocarbon Free Radicals. I. Application 
to the Mechanism of Polythene Synthesis. By W. M. D. Bryant. 

Free energies of formation of twelve primary normal alkyl and seven other hydrocar¬ 
bon free radicals at 298.2‘’K. were calculated from appropriate bond dissociation energies 
and from molecular entropies derived for the purpose. The new free energy data were 
used to show the relative thermodynamic importance of some free radical reactions 
assumed to occur in the synthesis of polythene by the usual vinyl mechanism of poly¬ 
merization. 

The entropies of the gaseous methyl, ethyl, n-propyl, isopropyl, /eW-butyl, vinyl, and 
phenyl radicals at 298.2 ®K. were calculated from molecular data. A planar arrange¬ 
ment of substituent groups around the trivalent carbon was assumed. Entropies of the 
higher n-alkyl free radicals were estimated semiempirically. Heats of formation de¬ 
rived from bond dissociation data were used along with the entropies to obtain the free 
energies of formation. 

Calculation of the free energies for intermediate steps of the polythene synthesis has 
shown that the initiation and propagation steps are favored, that chain transfer mecha¬ 
nisms vary from favorable to unfavorable, that chain branching is a moderately likely 
process. Termination reactions are thermodynamically very favorable. Received 
February f, 1950. 

Synthesis of Mixed Cellulose Esters Containing Phosphorus. By C. S. Marvel 
and B. R. Bluestbin. 

Mixed cellulose acetates chloroacetates were prepared from a partially acetylated 
cellulose with only slight degradation. These cellulose acetate chloroacetates were re¬ 
acted with triethyl phosphite in the Arbuzov reaction to yield phosphorus-containing 
cellulose derivatives which were flame resistant. A mixed cellulose acetate diethyl 
phosphate was also prepared and it was found to be flame resistant. Received February 
7, 1950. 

Structure and Thermodynamics of Elastomeric Microgel. By A. I. Medalia. 

Microgel consists of branched molecules of colloidal dimensions, formed by gelation 
occurring within the confines of a latex particle. It is shown that microgel should be 
(thermodynamically) soluble but, because of the large size of each molecule, it settles 
out of solution. The proportion of subchains which are connected to centers of cross- 
linkage at one end rather than both ends is calculated for gelled molecules of various 
values of the branching coefficient. Received February f4, 1950. 

Determination of Microgel in GR-S Rubber. By A. I. Medalia and 1. M. 
Kolthopf. 

Microgel consists of branched molecules of colloidal dimensions, formed by gelation 
occurring within the confines of a latex particle. Thermodynamically, microgel 
is expected to be soluble in a **good** solvent, such as benzene. Experimentally, it is 
found that carefully dried microgel-containing polymers are completely soluble in 
benzene. Detection of microgel by solubility measurements requires the conversion 
of microgel to macrogel (gel of macroscopic dimensions) prior to the solubility measure- 
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meat. This can be accomplished by heating under a variety of conditions. Milling 
of the polymer before heating aids in this conversion. 

A Standard Procedure is recommended for the determination of microgel in standard 
GR-S rubber: the polymer (preferably coagulated in ethanol) is milled for about 10 
passes, with the addition of 2% of phenyl-beta-naphthylamine; the milled polymer is 
heated for 12 hours in a vacuum oven at 80®, then placed inside a box of wire screen and 
immersed in benzene for 40 hours to extract the sol portion. 

Solutions of microgel in benzene can be fractionally precipitated by addition of 
ethanol or nitroethane. The fractionation is primarily according to molecular weight 
rather than degree of cross^inkage. Viscosity and light-scattering measurements of the 
fractions show that the polymers are of high molecular weight and are cross-linked. 
Eeceived February /4, 1950, 

Rheology of Thermoplastics. 11. Recoverable and Nonrecoverable Deforma¬ 
tions of Polystyrene between 90 and 240®C. as a Function of Molecular Weight. 
By R. Buchdahl, L. E. Nielsen, and E H. Merz. 

The rheological properties of polystyrene have been studied between 90 and 240®C. 
as a function of molecular weight. Three different methods have been used to obtain 
the data: rotational viscometer, extrusion-type capillary viscometer, and tensile creep 
measurements. It has been shown that the nonrecoverable (viscous) deformation is a 
function of molecular weight whereas the recoverable deformations are, within the in¬ 
vestigated molecular weight range, practically independent of chain length. An ex¬ 
planation of this observation is suggested, based on the assumption of a labile network 
structure, which explains also the effect of “previous history” on the recoverable defor¬ 
mations. Hie temperature dependence of the recoverable and nonrecoverable deforma¬ 
tions is shown to be very similar. Experimental evidence is presented to show that the 
dependence of the viscosity on shear stress (or rate of shear) is not a simple power rela¬ 
tionship but is of the sigmoidal type. It is shown that the creep or compliance function 
a few degrees below the second-order transition point does not depend on the weight- or 
n umber average molecula r weight. Received February 28,1950, 

Kate of Sorption of Organic Vapors by Films of Cellulose Acetate. By L. Man- 
DELKERN and F. A. l^NG. 

A detailed study has been made of the rate of take-up of vapors of methylene chloride 
and acetone by thin films of cellulose acetate (37.9% acetyl) as a function of vapor 
pressure, film thickness, and temperature. It was found that the method of film prepa¬ 
ration and conditioning greatly influenced the kinetics of the take-up. Films, which 
were not completely dry, exhibit a much faster rate of take-up than dry films. Dry 
films could be obtained by either long treatment in a vacuum oven, or by water leaching 
followed by \acuum drying for five days. In either case, identical kinetic results are 
obtained. The mercury cast films used in this work give reproducible results and show 
a much slower rate of take-up than a comparable glass cast film. 

It was found that there was no fundamental difference in the rate of take-up for the 
vapors of methylene chloride and acetone, although in the liquid state the former is a 
limited swelling agent, while the latter is a solvent. For both these vajjors there is a 
characteristic pressure above which several anomalies appear, which make a complete 
quantitative explanation of the data rather difficult. The most important of these 
anomalies is that, if one plots the amount of vapor taken up as a function of time, an 
inversion of slope is observed. This inversion is very marked and is a function of film 
thickness. Another anomaly that appears is that the absolute amount of vapor sorbed 
for thinner films is greater than that for thicker films for an appreciable time interval. 
The effect of temperature is complex. Above the jiressures where the inversion of a 
slope occurs, the rate is lower at higher temperatures for a considerable range of the 
sorption. These effects cannot be explained on the basis of a generalized diffusion 



S30 


JOURNAL OF POLYMER SCIENCE 


equation with the boundary conditions which have been considered so far, i.e., assuming 
that the outer film surface is always in equilibrium with the vapor. Received March 
i950. 

Polyelectrolytes. VII. Viscosities of Derivatives of Poly-2-vinylpyridine* By 
W. N. Maclay and R. M. Fuoss. 

Poly electrolytes were prepared by partial quaternization of poly-2-vinylpyridine (M 

45,000) with methyl bromide and butyl bromide. Viscosities of the former salt were 
measured in water and methanol; of the latter in water, methanol, ethanol and nitro¬ 
benzene. A new method of calibrating viscometers is described. Shear constants of 
the salts in aqueous solution were determined. The viscosity data conform to the 
equation: 

z = A/(\ 4" B\/ C) 4* D 

Correlations between both structure of salt and dielectric constant of solvent, and the 
constants of the equation were found. Quaternary derivatives of poly-2-vinylpyridine 
are more rodlike than corresponding derivatives of f>oly-4-vinylpyridine. Received 
March 1950. 

Crystallinity of Celluloses after Treatment with Sodium Hydroxide (Merceri- 
zation). By P. H. Hermans and A. Weidinger. 

The crystallinity of rayons measured with a standardized x-ray method increases 
from 40 to 50% after previous treatment with 18% sodium hydroxide followed by re¬ 
moval of the alkali with boiling water. If the washing-out of the alkali is carried out at 
r(X)m temperature, or if 4% sodium hydroxide is employed, the increase in crystallinity 
is smaller. Neither exclusion of oxygen during mercerization nor addition of hydrogen 
peroxide to the soaking lye has an influene.6 on the final crystallinity. Native celluloses 
(ramie and wood pulp), after soaking in 18% sodium hydroxide and washing at the Ixnl, 
yield the same figure of 50% crystallinity. A crystallinity figure of 50% is also obtained 
upon heterogeneous acid hydrolysis of rayon filx^rs at 100°C. and in cellulose precipitated 
from dilute viscose solution at 100°. Received March 20, 1950. 

Sulfonation of Natural Rubber. By G. J. van Amerongbn. 

The sulfonaticjii reactit)n of rubber with SO 2 is discussed. It proves to 1 h) a chain n*.- 
action which can be catalyzed by various compounds. Diazoamino compounds, hydro¬ 
peroxides, s{)me metal nitrates and nitrites, NO, and NO 2 are found to be catalytically 
active. The activity of these substances varies considerably; the hydroperoxides 
NO and NO 2 inducing immediate reaction; the diazoamino compounds within a few 
minutes; and the metal nitrates, such as LiNOs, in several hours. 

The reaction has a ceiling temixirature at about 35 to 40°C., above which no reaction 
takes place. The proj)erties of the reaction i>roducts are governed by the amount of 
SO 2 bound and vary from rubbery to horny, and ultimately brittle and resinlike. Prod¬ 
ucts of moderate SO 2 content swell in organic solvents; products of high SO 2 content 
dissolve only in concentrated H 2 SO 4 of HNO 3 . The workability of the products is rather 
poor. Received March 25, 1950. 

Adhesion of Polyethylene and Polystyrene to Steel. By G. Kr\us and J. E. 
M ANSON. 

A conservative estimate of the molecular forces involved in the adhesion of polymers 
to conducting surfaces leads to bond tensile strengths considerably above those realizable 
in practice. This is explained by the occurrence of flaws, thermal stresses, and deforma¬ 
tion under load. In order to minimize these factors, very thin films of polystyrene and 
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polyethylene were molded between steel cylinders and experimental conditions were 
carefully controlled with the result that joint strengths in excess of bulk tensile strengths 
were obtained. Curves of joint failure stress versus film thickness at various tempera¬ 
tures are given, and extrapolated to zero thickness. The extrapolated adhesion values 
represent a lower limit of the specific adhesion. At 25®C. they are 183 kg./(;m.* for 
polyethylene, and 412 kg./cm.* for polystyrene. Received April 3, i950. 

Azo-bis Nitriles. II. Use of 2,2^-Azo-bis-isobutyronitrile as a Catalyst for the 
Polymerization of Styrene. By C. G. Overberger, P. Fram, and T. Alfrey, Jr. 

• (/) The rate of polymerization catalyzed by 2,2'-azo-bis-isobutyronitrile was found 
to be proportional to the square root of the catalyst concentration at 47.8° and 67.8° 
at a monomer concentration of 4 moles/liter. A square root dependence was also (jb- 
served at 80.3° with 1-azo-bis-cyclohexanecarbonitrile in pure monomer. At these 
temperatures, the number average degree of polymerization, assuming combination for 
th<j termination step, was inversely proportional to the square root of the catalyst con¬ 
centration. These facts are additional evidence to supi)ort the iinimolecular fir.st-order 
deoom|K)sitiou of the azo-bis compound into radicals. 

(2) The monomer dependence on the over-all rate was found to be 1.2, again at 
68 .2° this result is consistent with first-order initiation arid bimolecular termination. 

(J) The decomp()sition of 2,2'-azo-bis-isobutyronitrilc in pure styrene or in toluene 
and styrene is a iinimolecular first-order decomposition with a rate constant similar to 
that observed in pine toluene. Received April /O, 1950. 

Influence of Molecular Weight Distribution on the Intrinsic Viscosity-Molec¬ 
ular Weight Relationship. By II. P. Frank and J, W. Breitenbach. 

Polystyrene made by polymerization at 140° (polymer yield 18.9%) was IVactionated 
successively into a number of fractions of increasing homogeneity. Intrinsii; viscosit> 
and osmotic molexmlar weight of the imfractionated polymer and of the fractions were 
determined. In the relation between them the constant K was found to decrease from 
A'o = 14.2 X 10“^ for the uiifractionated polymer to Ko> = 6.8 X 10“^ for the most 
homogeneous fractions. Jlie distribution function of G. V. SiJiulz for the polymer 
and a Gaussian fuiii;tion for the most homogeneous fractions are discussed. From the 
ratio A'o/A m = 2.09 (=‘=0.15) we draw conclusion on the mechanism of polymerization 
under assumption of the validity of (i;] = A'Af« instead of the simple Staudinger equa¬ 
tion. A possible explanation for the deviation of the experimental value 2.09 from the 
theoreti(;al 1.877 is given. Received April 15, 1950. 


Deleriiiiiiati«>n of Molecular Weight of High Polymers by Mcasiirenieril of 
Osmotic Pressures at Low Conccnlratioris. By (i. A. GiLBParr, Graff-Baker, 
and C. T. (tkeenwood. 

An equilibrium osmometer for the ineasiireiiient of very low osmotic pressures has 
been designed. It is constructed of metal and employs a large horizontal membrane. A 
rapid approach to equilibrium is obtained by the use of a fine (papillary and a bacterial 
cellulose membrane (Masson and Melville) in conjunction with complete thermostat¬ 
ting. To avoid displacement, the membrane is stretched in a frame and held over a 
grooved domed support of the Carter-Record type. Details of procedure, including con¬ 
centration estimation and the preparation of membranes, are given. 

Measurements of the osmotic pressure of a fractionated sample of polystyrene, of 
molecular weight approximately one million, have .served to determine the precision of 
the osmometer. At a pressure of 0.026 cm. of chloroform, the standard deviation was 
found to be 0.002 cm. The importance of correcting for the density of the solution, 
when measuring high molecular weights, is discussed. Received May /, 1950. 
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Some Aspects of Depolymerixation Kineties. By R. Simha and L. A. Wall. 

A Jirief discussion of the importance of the transfer step and its effect in the pyrolysis 
of polyethylene is given. In this case the removal, by molecular distillation, of smaller 
species from the reacting mixture modifies the kinetics. The molecular weight de¬ 
creases less rapidly and tends to a limiting value depending on the maximum' size of 
the evaporating molecules. The number distribution of the latter is, in a first approxi¬ 
mation, independent of their size. The pertinent expressions are presented and the 
general solution of the rate equations which can be used to obtain higher approximations 
is given. Received May iO^ 1950, 

Role of the Semipermeable Membrane in the Osmotic Molecular Weight Deter¬ 
mination of Cellulose Acetate. By H. J. Phiupp and C. F. Bjork. 

Osmotic pressure measurements are reported for solutions of unfractionated and 
fractionated cellulose acetate in acetone, using denitrated collodion, gel-cellophane, and 
caustic-treated cellophane as semipermeable membranes. Although techniques are em¬ 
ployed that are presumably correct for the effect of diffusion, different osmotic pres¬ 
sures and hence apparent molecular weights are obtained with the three types of mem¬ 
branes. No correlation is found between osmotic pressure and either the permeability 
constant or the average pore diameter of the membranes. Measurements with a very 
low molecular weight cellulose acetate, the molecular weight of which is known from 
independent measurements, show that the rate of diffusion of small solute molecules 
through various membranes is not related to the rate of transfer of solvent molecules. 

It appears that the observed differences between membranes are caused by rapid 
diffusion of low molecular weight material at the beginning of the osmotic measurement, 
before even the first readings by a dynamic method can be taken. From measurements 
with the very low molecular weight cellulose acetate it is concluded that, in the case of 
cellulose acetate in acetone, correct osmotic molecular weights are obtained only with 
undried gel-cellophane membranes, and that molecular weights determined with either 
the faster denitrated collodion or the slower caustic-treated cellophane membranes are 
appreciably too high. Received May 15, 1950, 

New Dynamic Method for Osmotic Pressure Measurements. By H. J. Phiupp. 

A new dynamic method of measuring osmotic pressures of high polymer solutions is 
described, which greatly reduces the time for each measurement. Accuracy and pre¬ 
cision of this method are similar to those of other osmotic techniques. Close tempera¬ 
ture control is essential for reliable results, especially with slow membranes. Con¬ 
venient apparatus to control the temperature within 0.001 °C. is described. Examples 
are given for the determination of the **zero-correction*’ of a membrane with solvent on 
both sides, and for a complete molecular weight determination of a commercial cellulose 
acetate in acetone. Received May 15, 1950, 

Viscosity-Molecular Weight Relationship for Cellulose Acetate in Acetone. By 
H. J. Phiupp and C. F. Bjork. 

Careful viscosity and osmotic pressure measurements with a membrane of known 
reliability are reported for 14 fractions of cellulose acetate prepared by repeated re¬ 
fractionation. For molecular weights up to 115,000 the followfng relation is obtained 
between intrinsic viscosity and absolute molecular weight: 

hl(25‘^C., aceVme) - 8.97 X lO"** X M® *® 

the units qf [t?] being 100 ml./g. An explanation is offered for the difference between 
this equation and other equations in the literature as well as for the discrepancies among 
the various literature equations. Received May 15, 1950, 
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Electrolytic Initiation of Polymerization. By 1. M. Kolthoff and L. L. Fer- 

STANDtO. 

Two new principles are discussed by which polymerization may be initiated electro- 
lytically. One of these methods, the continuous electrolytic formation of the activator 
in a redox activation polymerization system, under various conditions, has been used 
successfully in the polymerization of acrylonitrile, but not of isoprene or styrene. The 
second method, based on the formation of free radicals in the electrolytic reduction of 
perdioxy compounds, has been tested under a limited number of conditions without 
significant success. Emulsion systems also have been employed in this research and the 
results are discussed. Received May 20, 1950. 


Swelling of Polyvinyl Alcohol in Water. By W. J. Priest. 

Swelling and solubility characteristics of polyvinyl alcohol and polyvinyl alcohol- 
acetate copolymers in liquid water have been examined. For a given species, swellings 
are found to be variable in a continuum of metastable states depending on the previous 
history of the polymer. Changes in swelling are induced in a predictable manner by 
treatments such as humidification. Changes are interpreted in terms of cumulative 
secondary bond cross-linkages arising from the development of microcrystalline regions 
within the gel. Received June 6, 1950. 


Polyelectrol> tes. Vlll. Quaternizod Polyesters of Succinic Anhydride and 
Methyldiethanolamine. By R. M. Fuoss and D. Edelson. 

Linear polyelectrolytes have been prepared by quaternizing with methyl bromide 
the polyester obtained by condensation between succinic anhydride and methyldiethanol¬ 
amine. Molecular weights, determined by end group titration, were in the range 2000- 
43,000. The polysalts hydrolyze in water but are stable in absolute methanol. Vis¬ 
cosities in methanol of the polysalt of highest molecular weight conform to the empirical 
equation: 


v,p/C = 4/(1 + 

Coiiduclanco curves ai-e sharply concave upward on a A — scale, indicating a high 
degree of association of counter ions with the polycation at finite concentrations. Esti¬ 
mates of limiting mobility suggest a curved rodlike structure for the polycalion at in¬ 
finite dilution. Received June 13, 1950. 

PropriMes dc Dilatation Thermique des Polyamides. By F. Ecochard. 

A description is given for a simple method of measuring the expansion coefficient of 
plastic material, and other quantities, derived thereof (density of the liquid sample). 
A practical application is given in the case of some polyamides. This study makes it 
possible to show the presence of a maximum in the expansion curve; that maximum is 
probably related with the appearance, under thermal agitation, of a new degree of free¬ 
dom of the molecules. Received June 20, 1950. 


Polymerization of Allyl Compounds. V. Inhibition by Nitro Compounds. 
By G. S. Hammond and P. D. Bartlett. 

The effect of various nitro compounds on the peroxide-induced short-chain polymeriza¬ 
tion of allyl acetate has been investigated. Of the compoimds studied, ^m-trinitro- 
benzene is the most active as a retarder. Nitromethane and dinitrodurene were found 
to be less effective than aromatic nitro compounds which have replaceable nuclear 
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hydrogen atoms but both exerted a measurable retarding influeape on the polymeriza¬ 
tion reaction. It is found that trinitrobenzene reacts with a minimum of 5.9 radicals 
per molecule. This and other data are discussed in connection with the hypothesis that 
radicals react by an alkylation mechanism. An alternative mechanism involving 
attack on the nitro group itself is suggested. Received July 15^ 1950. 

Some Improvements on the Osmotic Balance. By B. Enoksson. 

An osmotic balance is described, whose principle is the same as that of an earlier one, 
but with the readings simplified by (ise of a chainomatic balance. A new cell has been 
constructed. Due to thin walls in the tube of the cell, this cell makes it possible to 
measure osmotic pressure without determining the reference point, the position at which 
the meniscus in the cell is at the same level as that in the container. A determination 
of osmotic pressure can be made in half the time by this new arrangement, compared 
with the older method. An example of the use of the balance has l)ecu given for a 
sample of cellukise nitrate and a fraction of polystyrene. Received July 17, 1950. 
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